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Summary  
 
During the last decades the use of medical implants has dramatically expanded. 
This is mainly due to the increased life-expectancy, the change in lifestyle and 
the improved implant technology. Millions of patients need a long-term solution 
to regain a high quality of life. Nevertheless, the rapid increase in the number of 
elderly people and the corresponding growth of the world population require 
that tissues and organs endure longer and are also able to perform in 
compromised health condition. Biomaterials, in particular biocomposites, are 
defined as natural or man-made materials that are used directly to assist or 
replace the functions of body tissues. 
Titanium and its alloys are the most promising biomaterials used in bone 
regenerative medicine. Despite their interesting mechanical properties and the 
high corrosion resistance, these materials are bioinert, i.e. there is no active 
interaction between these materials and human tissue. Hence, surface 
modification is necessary to improve osseointegration or other properties 
important in their respective applications in bone and joint surgery. The surface 
properties determine both the biological response to the implants and the 
material response to the physiological environment. Hence, surface engineering 
of biomaterials aims at a modification of the surface properties without a change 
of the bulk properties of the implant. The latter can be achieved by the 
deposition of a thin film or coating on the metal implant. The film or coating 
should have a composition similar to the one of bone in order to ensure an 
appropriate host response, i.e. biocompatibility. In the field of medical material 
science, there are numerous studies devoted to increase the biocompatibility of 
metal implants by calcium phosphate coatings (CaP) as these materials have 
indeed a chemical composition similarity to the mineral component of bone. 
Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is a typical example belonging to the 
family of CaP materials. Other examples of materials belonging to this family 
are dicalcuim phosphate, tricalcium phosphate, octacalcium phosphate, biphasic 
calcium phosphate, and amorphous calcium phosphate. 
Despite of the many advantages of HA-coated implants, post-operative infection 
remains one of the most common and serious complications. Long-term 
antibacterial properties are desirable in a biomaterial to prevent implant 
associated infections. As a measure to achieve the dual aims of bacterial 
inhibition and enhancement of biocompatibility of implant materials silver-
containing HA (Ag-HA) biocomposites are of special interest for researchers 
Summary 
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worldwide. Functional properties of HA can be substantially changed by 
modifying the chemical composition and morphological structure. These 
changes are favoured by the ability to accept easily in its structure substitute 
silver ions for Ca2+ preserving its chemical and morphological structure.  
Several methods have been applied to prepare such kind of coatings such as 
plasma spraying, magnetron sputter deposition, biomimetic crystallization 
techniques, electrophoretic deposition and sol-gel synthesis. Magnetron sputter 
deposition is a very attractive method due to the high adherence of the coating 
to the substrate material, the thickness uniformity of the deposited layer, and the 
ability to control both the coating structure (amorphous or crystalline) and the 
Ca/P ratio. The stoichiometry of HA based coating, especially the Ca/P ratio, its 
texture and microstructure are crucial parameters that define the properties of 
these biocompatible coatings. The intimate relationship between the deposition 
parameters (such as discharge power, chamber pressure, gas atmosphere and 
substrate temperature) allows to tune the coating properties and/or to modify the 
coating characteristics over a wide range. This high flexibility makes RF 
magnetron sputtering however a rather complex method, especially for the 
deposition of multicomponent materials. The many process parameters can 
influence the physical and chemical properties of the coating. Currently, there 
is no reliable information on the growth mechanisms of CaP based coatings 
during RF magnetron sputter deposition. Generally, researchers focus only on 
the process parameters to optimize the coating properties in connection with 
biological studies without investigating the fundamental aspects of the film 
growth.  
Therefore, the objective of this thesis is to study properties of the HA-based 
coatings deposited by means of RF magnetron sputtering. Research was 
performed along two main axis: 
1. Development of a Ag-containing HA-based biocomposite and 
revealing the effect of silver addition on the properties of the deposited coating. 
2. Elucidation of the RF magnetron sputter deposited HA coating growth 
mechanism in order to gain better understanding of the coating textural and 
microstructural evolution by experiments and simulations. The influence of 
water in the working atmosphere on the structure development of the RF 
magnetron sputter deposited HA coatings has been studied. Additionally, the 
spatial arrangement of treated samples regarding the erosion zone of the 
sputtered target has been taken into consideration in order to elucidate its impact 
on the coating characteristics. 
This objective has been accomplished by the following steps: 
1. Deposition and investigation of Ag-HA coatings obtained by RF 
magnetron sputtering of Ag-containing HA target. 
2. Development of a biocomposite based on wet chemically synthesised 
silver nanoparticles covered with a HA coating deposited by RF 
magnetron sputtering. 
3. The microstructure, the texture and the composition of the coatings 
deposited by means of RF magnetron sputtering has been investigated 
Summary 
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in relation to the deposition process conditions and spatial arrangement 
of the samples in the vacuum chamber. This allows to reveal in more 
details growth mechanisms responsible for the particular thin films 
properties. 
4. Simulation of the transport of the sputtered atoms through the gas 
phase using Monte Carlo method to describe the deposition profile has 
been performed in order to get some insight on the material flux 
arriving the substrate.  
5. The relationship between the microstructural features of HA coatings 
and deposition parameters has been established.  
The first chapter of the thesis is a general introduction to biomaterials and the 
film synthesis. A short overview of the methods used for the deposition of CaP 
coatings is given. Special attention is paid to magnetron sputter deposition and 
the growth mechanisms of thin films with this method. The second chapter is 
devoted to the description of the provided experiments and techniques applied 
for the HA-based film deposition and characterization. The influence of the 
samples arrangement regarding the target erosion zone and the addition of water 
into the working gas atmosphere have been investigated. The third chapter 
describes the deposition of coating by RF magnetron sputtering Ag-HA target, 
and the characteristic of their physico-chemical and mechanical properties. In 
the fourth chapter a new route to prepare a biocomposite, with potential 
antibacterial features, based on embedded AgNPs under the layer of HA is 
discussed.  
The fifth chapter describes of the results of the study of HA coating properties 
deposited by RF magnetron sputtering, and the characteristic features of their 
microstructure and texture depending on the deposition conditions. The Monte 
Carlo simulation of the deposition profile and its comparison with the 
experimental material distribution allowed to unravel and deeper understand the 
sputtering process. In the sixth chapter, the microstructure formation 
mechanisms of the HA coatings, obtained by RF magnetron sputter deposition, 
are described based on Extended Structure Zone Model. The main results and 
conclusion are given in the last chapter. Although some aspects remain unsolved 
here, this research is believed to contribute to a deeper understanding of the 
fundamental processes related to the HA coatings formation.
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1 Overview of biomaterials 
and synthesis methods of 
hydroxyapatite based 
coatings  1 
 
In this chapter a definition of biomaterials is given. Hydroxyapatite and its 
applications are discussed. Methods for the preparation of the coatings on the 
basis of calcium phosphates (CaP) are reviewed. In order to understand the 
texture and microstructure formation, a short description of the film growth will 
be given in this chapter. First, an approach at atomic level will be described. 
Then, nucleation and crystal growth will be briefly explained. And finally, the 
kinetic models of thin film growth will be discussed, correlating the growth with 
the film microstructure. 
1.1 Biomaterials science: an introduction to materials in 
medicine 
Biomaterials science today stands out as a separate branch of knowledge, an 
independent scientific discipline directed at solving fundamental and applicative 
problems of creating and using artificial and natural materials for medical 
applications, designed to aid in the recovery and the restoration of lost or 
damaged bones. The problem has an interdisciplinary character which requires 
the engagement of experts from different scientific disciplines such as 
chemistry, physics, biology, medicine, and materials science. The achievements 
over the last decades have altered the medical technologies used in 
reconstruction surgery, traumatology, orthopaedics, and other areas that focus 
health and life quality improvement. 
Certain requirements are set forth for the properties of biomedical devices. 
These are described by the U.S. Food and Drug Administration (FDA) and the 
International Organization for Standardization (ISO) [1-4]. The implantable 
material should be resistant to the corrosive environment of the body fluids and 
must retain its functional properties for a certain period of time without 
significantly altering its structure and biomechanical properties [5]. 
In order to understand the evolution of biomaterials research, three different 
generations have been distinguished by L. Hench and J. Polak [6]. The authors 
classified the biomaterials as follows. 
Allo- and autografts – fragments of donor bones and the patient's own bone, 
respectively – were initially used to replace bone defects. However, the use of 
these types of substitute materials was fraught with problems associated with 
the possible immune response and the need to carry out secondary operations. 
Therefore, over the course of many years, research efforts were aimed at 
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creating synthetic biomaterials. The evolution of developments in this area is 
related to three generations of materials [7-9]. 
Bioinert materials belong to the first generation. Examples of such materials are 
ceramics based on titanium, vanadium, zirconium, and aluminum oxides, 
materials such as glassy carbon, and titanium nickelide, as well as pure metals 
such as titanium, zirconium, and gold. These materials do not affect the process 
of bone formation; they have dielectric properties and practically do not react 
with the surrounding body tissue, whereby the implant does not disturb the 
presence of the static and dynamic electric potentials of bone tissue and does 
not provoke negative reactions of surrounded tissue. However, the formation of 
fibrous tissue occurs on a surface of bioinert materials, which deteriorates the 
bone-implant interaction. Therefore, there is a risk of rejection by the body of 
such materials due to inflammatory reactions. The main tasks, which are solved 
during the design of bioinert implants, are to approximate the mechanical 
properties of the implant to those of the bone and to give them anticorrosive 
properties. Materials of the first generation are used in orthopedic devices and 
endoprostheses of the hip and knee joints. 
The second and third generations include materials with bioactive properties, 
namely, the ability to interact with biological tissues, and in particular, to 
chemically interact with the growing bone. In the first case, the implants show 
osteoconductivity; that is, they are conducive to the adhesion and osteogenic 
cell binding, and support the processes of proliferation and differentiation. In 
the second case, the materials are osteoinductive, stimulating bone formation by 
inducing cell differentiation in bone-forming cells (chondrocytes, osteoblasts) 
[9]. Of all the synthetic biomaterials, the most promising is ceramic based on 
calcium phosphates (CaP). 
The first results on the use of CaP as bone replacement material were published 
in 1920 [10]. Since the 1970s, active research has been carried out on the 
synthesis and use of CaP in bone tissue engineering. Intensive fundamental 
research by Russian (such as S. M. Barinov, P. D. Sarkisov, V. P. Orlovsky, V. 
S. Komlev, and V. J. Shevchenko) and foreign scientists (such as R. LeGeros, 
W. Bonfield, L. Heng, D. Dakulsi, and X. Aoki) has greatly contributed to the 
development of the science and technology of CaP-based materials. 
Currently, the data on the biological properties and the clinical use of synthetic 
CaP biomaterials have shown that they are biocompatible and osteoinductive. 
These materials are similar in composition to human bone tissue and induce 
biological responses similar to those of bone remodeling. Despite the significant 
amounts of different types of CaP for the replacement of bone tissues, two types 
are most widely used in medicine: β-tricalcium phosphate (β-TCP) and 
hydroxyapatite (HA). The choice for these two materials is based on their high 
stability, low solubility, and their chemical similarity with the bone tissue. A 
disadvantage of CaP ceramics is their fragility. Therefore, the best materials for 
use in orthopaedics and dentistry are metallic materials with a CaP-coating. This 
combination ensures high biomechanical properties together with the required 
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biological compatibility and the ability to biologically integrate the implant into 
bone tissue. 
1.2 Hydroxyapatite: Structure and Properties 
Hydroxyapatite (HA) is a synthetic analogue of bioapatite, an inorganic 
component of hard tissues in mammals. This similarity explains the active use 
of HA in reconstructive surgery [11-13]. By its structural characteristics HA is 
regarded as a type of apatite, while by its chemical composition it is an 
orthophosphate of calcium with a general formula of A10X6Y2 [14], where 
A indicates 1 – 3-valent cations (Са2+, Mg2+, Ва2+, Sr2+, Pb2+, K+, Cu2+, 
Zn2+, Na+, Al3+, Fe3+, Sn2+, Cd2+ etc.), X - 1 – 3- valent anions (PO43–, CO32–, 
SiO44–, SO42, VO43-), Y - 1 – 2 - valent anions (OH–, F–, O2–, Cl––, CO32–). The 
chemical composition of HA is denoted by the formula Ca10(PO4)6(OH)2. 
Hence, the stoichiometric Ca/P ratio equals 10/6 or 1.67. 
The crystal structure of HA consists of a pseudo-hexagonal network of PO4 
tetrahedra with Ca2+ ions in the interstitial sites with columns of OH− ions 
oriented along the c-axis [15]. Two phases have been suggested based on least 
square refinements of diffraction data: a disordered hexagonal structure with 
P63/m symmetry and a monoclinic structure with P21/b symmetry [16]. A 
reduction in the symmetry of HA to a monoclinic crystal system occurs due to 
an orderly arrangement of OH– groups in the calcium channels and an increase 
the lattice parameter b [17]. Therefore, a more detailed examination of the 
structure of an apatite can be based on an analysis of the structural features of 
the idealized hexagonal modification. 
 
Figure 1.1. Hydroxyapatite structure: a) (100) crystal plan; b) (001) crystal plan; c) top 
view of four unit cells along c-axis showing the calcium and phosphorus triangles; d) 
OH channels [19]. 
The phosphate PO4 tetrahedra are the main structural elements of HA, which 
form a rigid three-dimensional framework with axial channels along the 
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crystallographic direction [001] (Figure 1.1). Ca2+ cations occupy two different 
lattice positions in the structure of an apatite (Figure 1.1 a, b). 
The PO4 tetrahedra are linked together by columns of Ca1 ions (Figure 1.1 a), 
which are surrounded by nine oxygen ions belonging to PO4 groups. An axial 
channel which contains an anionic gap OH is formed by Ca2 ions (Figure 1.1 b) 
bound with the PO4 tetrahedra oxygen ions and with the anion of the axial 
passage. Thus, the refined calcium apatite structure formula can be represented 
in the form of Ca(1)4Ca(2)6(PO4)6(OH)2. 
OH– groups play an essential role in HA formation, its reorientation leads to HA 
structural change. A lack of OH-groups in HA structure inhibit the 
decomposition of HA to tetracalcium phosphate (TeCP, Ca4(PO4)2O) or 
tricalcium phosphate (TCP, Ca3(PO4)2) [18]. 
1.3 Biocompatible coating with antibacterial agent 
HA based coatings have been applied for many decades to enhance an 
osteointegrated implant’s surface biocompatibility [20-29]. Despite successful 
synthesis procedures and the wide application of HA-coated implants, post-
operative infection remains one of the most common and serious complications. 
Long-term antibacterial properties are desirable in a biomaterial to prevent 
implant associated infections. The broad spectrum of antimicrobial effects 
associated with silver and its compounds have been known for 
centuries [30, 31]. This bactericidal activity is closely related to an interaction 
of silver ions with thiol groups in enzymes and proteins from bacteria [32]. 
Moreover, there is some evidence that silver nanoparticles can also kill bacteria 
through another mechanism, i.e. by integration of the particle in the cell 
membrane [33, 34]. Many methods have been developed to prepare antibacterial 
composites on the basis of CaP and silver, which exhibit good antimicrobial 
ability, biocompatibility and osteogenic properties [30, 35, 36]. There are 
several strategies to introduce silver into the coatings. One of the widely applied 
concepts is based on the incorporation of the silver ions into the entire film 
thickness by substitution of Ca2+ in the HA structure [37-44] or in the form of 
nanoparticles. Various methods such as ion exchange [45], electrochemical 
deposition [44, 46], sol–gel deposition [47, 48], co-sputtering [49], and plasma 
spraying [50-52] have been exploited. For instance, successful results have been 
shown recently for silver-substituted HA coatings developed by electrochemical 
deposition on TiO2 nanotubes [44]. The authors reported significant 
antibacterial properties and considerable biocompatibility as well as low toxicity 
of the Ag-HA thin films. Silver-containing HA coatings synthesized by sol-gel 
deposition was evaluated to be effective against E. coli and S. aureus [37]. 
Similar results have been reported for Ag-HA coatings formed by plasma-
spraying [51] and ion-beam assisted deposition [53, 54]. Zhou Lan et al. studied 
nano-Ag incorporated hydroxyapatite/titania (HA/TiO2) coatings deposited on 
Ti6Al4V substrates by the plasma electrolytic oxidation process. The 
researchers showed that the developed coatings display a strong antibacterial 
ability and good biocompatibility. It was reported that the viability of the 
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P. gingivalis on the coating surfaces is reduced to about 21%, meanwhile the 
mean number of the fibroblast cells on the coating surface is increased to about 
130% [55]. Xiao Bai and co-authors suggested that 3 wt % of Ag in a HA 
coating can be favorable to attain the antibacterial effect without 
cytotoxicity [54]. So, silver-doped HA seems very promising as a bone graft 
substitution material. However, most of the processes described in the literature 
often do not allow to achieve tunable antibacterial activity of deposited films 
due to their uncontrollable degradation. Meanwhile, the unpredictable silver 
release may be cause significant problems due to the negative side effects by a 
too high silver ion dose [56]. The development of the infection-resistant surfaces 
based on the inorganic materials is a rather complex strategy. A balance between 
effective antimicrobial activity, cytotoxicity as well as mechanical stability of 
the coatings should be achieved. So, the optimal approach in development of a 
biocomposite which combines biocompatibility and antibacterial activity still 
needs to be found. The aim of the present research was to develop a new 
technique to modify the surface properties of Ti by the development of a 
biocomposite which ensures both a higher bioactivity and tunable antibacterial 
activity as well as fulfilling the mechanical requirement for load-bearing 
implants. The strategy combines the advantages of RF magnetron sputter 
deposition [23, 25, 26, 57-59] and wet chemical synthesis of silver 
nanoparticles. 
1.4 Deposition techniques for calcium-phosphate coatings 
The increased interest of researchers to the surface modification of metal 
implants by the application of CaP coatings has led to the development of a large 
number of deposition methods for bioactive thin films. A variety of 
technological approaches makes it possible to create coatings with different 
properties that fulfil the needs of practical medicine across a wide range of 
implant systems. The CaP coatings must possess a necessary minimum level of 
bioactivity, resorbability, and stimulation of bone tissue formation. Moreover, 
the coatings must be stable in a biological environment and have high adhesion 
strength with the base material. The main methods of forming CaP coatings 
include plasma spraying [60-63], sol-gel technology [35-38], pulsed laser 
ablation [39], micro-arc oxidation [40-47], biomimetic methods [64], 
electrophoresis [49, 50], ion-assisted deposition [65-72], and RF magnetron 
sputtering [41-48]. 
The plasma spraying is the most widespread method to deposit CaP coatings 
on the surface of implants used in medicine. The use of this technology for the 
deposition of a bioactive film was first proposed in Japan in the 1980s. The 
essence of the process lies in the formation of a condensed layer of individual 
particles deposited on a metal substrate. The particles originate from a powdered 
material which is heated to its melting point by a plasma stream generated by 
means of ionizing a stream of inert gas with an electric arc. As a result, the 
condensed particles lose their original shape which allow them to crystalize and 
agglomerate during film formation. The coatings are determined by the 
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thermophysical, chemical and mechanical properties of the used powdered 
material, by the distance between a source and a substrate, the current of the 
electric arc, the deposition rate, and the work gas composition. Plasma spraying 
makes it possible to produce coatings up to 100 μm in thickness. The 
temperature during this process is in the range of 1000°C. Under such 
conditions, phase changes, which play an important role in the final properties 
of the CaP coating, are possible. Therefore, it is necessary to carefully select the 
powder’s characteristics and the process conditions to achieve the formation 
of the CaP coating with the desired composition and degree of 
crystallinity [68, 69]. Plasma spraying is successfully used for the development 
of the CaP coatings on implants due to the high deposition rate and its ability to 
cover large areas [73]. The difficulty to control the phase composition and the 
microstructure of the coating, and the film’s low adhesion are the limitations of 
this method. Moreover, the high application temperature causes the appearance 
of oxide compounds, which lower the film’s physical and mechanical 
properties. 
Sol-gel deposition is a widespread method to produce CaP coatings [74, 75]. 
This method is based on the preparation of a suspension (sol) in dispersion phase 
with its subsequent transition into a gel and the treatment of a metal surface with 
the resulting colloid. Thermal processing at the coating material’s crystallization 
temperature is the final step in this method. The method makes it possible to 
produce a dense CaP coating of 200-300 μm thick [76]. This technology 
possesses the ability to cover implant surfaces with complex geometry. A too 
low processing temperature leads to an amorphous or a nanocrystalline coating 
structure and requires therefore additional annealing to increase the degree of 
crystallinity. Annealing, however, can also lead to a worsening of the coating’s 
adhesion to the substrate. 
Ion-beam deposition (IBD) consists of bombarding a target of prescribed 
composition with a beam of ions with energy of up to 5000 eV, and the 
subsequent deposition of the sputtered material onto the substrate. Target 
sputtering is carried out with a powerful beam of ions from a special ion source. 
A big advantage of ion-beam assisted deposition is its universality. By this 
method it is possible to deposit even heat-resistant metals such as tungsten as 
well as various alloys, without changing their composition. Films with complex 
compositions can be prepared with simultaneous sputtering of several 
independent targets. During this process, the sputtering rate of each target can 
be regulated independently from one another [65-72]. 
Pulsed laser deposition (PLD) is another technique to deposit CaP coatings 
[77, 78]. This method makes it possible to produce a dense coating 0.5-5 μm 
thick with various degrees of crystallinity. Furthermore, it is possible to vary the 
surface roughness by a change of the process parameters. Coating properties 
depend on the deposition parameters, such as the used laser type. During pulsed 
laser deposition, CaP conglomerates may form on the coating surface by virtue 
of the particular nature of this method. 
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Micro-arc oxidation (MAO) in aqueous electrolyte solutions, also known as 
plasma electrolyte oxidation or microplasma method, has recently become more 
widespread. It is a convenient and effective technique to generate bioactive 
coatings on metals like titanium [79]. In plasma electrolytic oxidation, a voltage 
is applied between the substrate and the wall of the bath holding the electrolyte 
solution. For example, in the plasma electrolytic oxidation of aluminum, at least 
200 V must be applied. This locally exceeds the dielectric breakdown potential 
of the growing oxide film, and discharges occur. These discharges result in 
localized plasma reactions, with conditions of high temperature and pressure 
which modify the growing oxide. Processes include melting, melt-flow, re-
solidification, sintering and densification of the growing oxide. The type of 
substrate, the process parameters and the electrolyte components all influence 
the chemical composition, the structure and the properties of the coatings. 
Due to the relative simplicity, micro-arc oxidation is one the most applicable 
method in developing CaP coatings. Owing to the high process temperature 
grown by MAO method coatings possess high adhesion to the substrate. The 
low ratio of Ca/P in the coating and the non-uniformity of the phase composition 
are disadvantages of this method. Moreover, a limited types of material can be 
used as a substrate. It is not possible to deposit CaP coating to stainless steel 
with MAO due to the formation of iron oxide which quickly dissolves. It has 
been revealed that coatings deposited on titanium by MAO besides CaP contain 
Ti phase, which may effect to implants’ biological properties [80]. 
Despite all of the advantages of the above described methods, their most 
essential limitation is the difficulty controlling the phase and chemical 
composition of a CaP coating. Also scalability of the techniques is a major 
concern. RF magnetron sputtering is deprived of both limitations [72, 81-87]. 
This method makes it possible to control the properties of CaP films within a 
rather wide range and to form a dense, uniform coating to devices with complex 
configurations with high adhesion and with uniformity in thickness and 
composition [88].  
1.5 RF magnetron sputtering 
Prior to give more details on the process of RF magnetron sputtering, it is 
necessary to discuss several topics related to the ion-solid interactions (with 
focus on sputtering), and the transfer of atoms through the gas phase.  
Sputtering 
Sputtering is the ejection of atoms (and ions, clusters) due to the bombardment 
of a solid surface by high energetic neutrals or ions. Usually ions are used for 
the bombardment as their energy can easily controlled by the help of electrical 
fields. Physical ion sputtering was discovered in the middle of the 19th century 
by an English scientist R. Grove [89], who studied gas discharges. Since then 
methods of cathode sputtering for deposition thin films have been actively 
developed. According to theory, ion sputtering of the surface of a solid is the 
result of a cascade of elastic collisions caused by the transfer of kinetic energy 
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and momentum from the bombarding particles to the atoms of the target. If the 
transferred energy is greater than the binding atom energy in the crystal lattice, 
then the atom is knocked out of its state of equilibrium and a cascade of 
collisions begins. The theory of sputtering is most fully presented in the work 
of P. Sigmund [90]. Ion sputtering is described by the sputtering yield (Y), 
which is defined by the ratio of the number of sputtered atoms (na) to the number 
of bombarding ions (ni), Y=na/ni. 
Three regimes of sputtering are possible. These regimes are determined by the 
energy, the flux of the bombarding ions and the mass of colliding particles. The 
regime of single knock-on cascade is characterized by a small number of 
cascades due to the bombardment of the solid with low energy, light ions, and 
moreover, the main contribution to the sputter yield is made by the initially 
sputtered atoms (Figure 1.2 a). In the linear cascade regime the recoiled target 
atoms have enough energy to eject atoms from the target and to generate a low 
density of recoil atoms. The cascade is generated but dominated by knock-on 
events, meaning that each generation of recoil atoms has on average less energy 
than the previous one (Figure 1.2 b). The spike mode is implemented by 
bombarding with ions with large masses, during which the majority of atoms in 
a certain volume of the irradiated target surface are in a state of motion. This 
regime is characterized by a high sputter yield (Figure 1.2 с). 
 
Figure 1.2. Collision cascades: a) single knock-on regime; b) the linear cascade; c) the 
spike regime [98]. 
According to the Sigmund’s theory of linear cascades of binary collisions, when 
the energy of bombarding ions is E<1 keV, the sputter yield is determined from 
the equation (1.1): 
𝑌 =
3
4𝜋2
(
4𝑀𝑝𝑀𝑟
(𝑀𝑝+𝑀𝑟)
2)
𝐸
𝑈𝑠
,  (1.1) 
where E – bombarding ion energy, Us – surface binding energy of atoms on the 
target surface, Mp and Mr – atomic masses of bombarding ion and target’s atom 
[91]. 
According to Sigmund’s analytical theory the sputter yield linearly depends on 
the energy of the bombarding ions. In this model is assumed that the velocity 
distribution of the recoil atoms is isotropic.  
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In the semi-empirical models proposed by Seah [92] and Yamamura [93] the 
anisotropy of the velocity distribution is considered. Further, a threshold energy 
(Eth) is introduced, which can be calculated from the equation [94]: 
𝐸𝑡ℎ
𝑈𝑠
= 1.9 + 3.8 (
𝑀1
𝑀2
) + 0.134 (
𝑀2
𝑀1
)
1,24
,  (1.2) 
It has been experimentally shown that 96% of the sputtered particles are neutral 
atoms [95]. 
The energy distribution of sputtered atoms is another important characteristic of 
sputtering process The equation proposed by Thompson describes the energy 
and angular spectrum of sputtered particles [96, 97]: 
𝑁(𝐸, 𝜃) =  
𝐸
(𝐸+𝑈𝑠)
3−2𝑚 𝑐𝑜𝑠𝜃 ,  (1.3) 
where E – energy of sputtered atom, 𝑈𝑠 – surface binding energy (sublimation 
energy), m – parameter depending on the bombarding ion energy, θ – the 
ejection angle. 
According to equation (1.3), when m = 0, most of the ejected atoms have an 
energy which corresponds to half of the surface binding energy value. The 
parameter m depends on the energy of the incoming ions, and is small at ion 
energy used during magnetron sputtering. In addition, the majority of the 
sputtered atoms has an energy in the range E < 10 eV [95]. 
 
Figure 1.3. Example of the energy distribution of sputtered tungsten atom by Ar+ 
bombardment with an incident energy of 25 keV [98].  
Angular distributions of sputtered particles from polycrystalline and amorphous 
targets during normal ion bombardment follow in a first approximation a cosine 
distribution (Figure 1.4) [99].  
 
Figure 1.4. Possible angular distributions of a sputtered particle [99]. 
When the bombarding ions have low energy, the collision cascade will be 
limited to the surface. Hence, the atoms located on the material surface are 
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preferentially sputtered, which leads to anisotropy of angular distribution. As a 
result, the distribution curve deviates from the cosine distribution and becomes 
under-cosine or heart-shaped. When the ions have high energy, fast 
displacement of atoms occurs at a depth of several tens of atomic layers. Under 
these conditions atoms most likely exit to the surface and into the vacuum along 
the normal to the surface. In this case, the distribution curve becomes therefore 
over-cosine. 
The effect of preferential sputtering of different components of the surface is a 
characteristic of sputtering of a multicomponent target such as HA based targets 
[100]. As a result of this, an altered layer forms on the surface, depleted by the 
high sputter yield component. In the event that the bulk diffusion is 
negligible,for example at low temperatures of the target, the altered layer 
preserves its determined thickness and composition. After achieving conditions 
of equilibrium, the atomic flux of each component becomes proportional to its 
concentration in the bulk. 
According to the Andersen-Sigmund theory [91], the ratio of sputtering yields 
of two constituent components is described by the equation: 
𝑌𝐴
𝑌𝐵
= (
𝑀𝐴
𝑀𝐵
)
2𝑚
(
𝑈𝐵
𝑈𝐴
)
1−2𝑚
,  (1.4) 
where Mi and Ui represent the molar mass and the surface binding energy of the 
component. The exponent m has the same meaning as in the Thompson 
distribution (see equation (1.3)). 
Principles of RF magnetron sputtering 
A magnetron sputtering system is a technological equipment which makes it 
possible to deposit thin films by sputtering of a target material in a magnetron 
discharge plasma. The principle of the action of this type of device is based on 
the formation of electric and magnetic fields perpendicular to each other in the 
near-cathode region. By supplying a voltage between the cathode and the anode, 
a glow discharge ignited. When the voltage is applied, the free electrons are 
repelled from the cathode, or target and collide with the atoms of the working 
gas, creating ions and new electrons. The positive ions are accelerated 
(attracted) towards the target. The collision of the positive, energetic ions with 
the target leads to its sputtering. Particles removed from the target surface are 
transported to the substrate and the chamber walls.  
Not only atoms but also emission of electrons occurs due to the interaction of 
the ion flux with the target surface. The amount of emitted electrons to each 
approaching ion is known as the secondary electron emission yield and depends 
on the properties of the target material ,the energy and the type of bombarding 
particles. Secondary electrons are necessary for the ionization of the working 
gas and the maintenance of the discharge. 
The magnetic field holds electrons in immediate proximity to the target in a so-
called electron “trap”, which is created by the intersecting electric and magnetic 
fields. The electrons oscillate in this trap until several ionizing collisions with 
atoms of the working gas occur. The plasma is, due to the presence of the 
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magnetic field, localized above the target surface. Hence, the target surface is 
sputtered in areas located between the magnets of the magnetic system. As a 
result, an erosion zone (racetrack) is created in the form of a closed-loop path 
with a shape determined by the magnetic system (Figure 1.5). 
 
Figure 1.5. Planar magnetron and the magnetic field lines [110]. 
To sputter dielectric materials, the DC power cannot be used. To avoid the 
accumulation of positive charge on the target, it is necessary to use a RF-power 
source. The alternating voltage makes it possible to accumulate positive charge 
over the first half period and then to neutralize it with an electron bombardment 
during the second half period (Figure 1.6). 
 
Figure 1.6. Scheme of the RF magnetron sputtering during negative (а) and positive (b) 
semi-periods. 1 – shield, 2 – cathode, 3 – ions, 4 – plasma, 5 – electrons, 6 – molecules 
[101]. 
During RF magnetron sputtering, the surface of a dielectric target has a negative 
potential relative to the plasma (Udis) (Figure 1.6), as a result of which a dark 
cathode sheath forms above the target. This potential is described with the 
expression: 
𝑈dis = 0.5𝑈RF,  (1.5) 
where URF – peak value of the RF voltage, η – dimensionless coefficient, which 
can be determined by solving of the motion equation for electrons and ions in a 
RF-field [102]. 
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It should be noted that URF may serve as an approximate value of the magnitude 
of an ion energy (E), although we should realize the energy of the bombarding 
ions isn’t single valued. 
For effective sputtering of the target material it is necessary that the period of 
the RF voltage is rather small. Hence, as a guiding rule the frequency of RF-
discharge should be larger than 1 MHz.  
The potential distribution between the target and the substrate is the basis of the 
sputtering process. The distribution defines the energy of ions which influence 
the process of coatings deposition. Discharge parameters such as working 
pressure, discharge power, magnetic field configuration (balanced or 
unbalanced magnetrons), and the type of power supply method, all have an 
impact on potential distribution, and consequently, on the energy of particles in 
the plasma [103]. 
Literature overview of RF magnetron sputtering of CaP coating 
There are a number of research papers on the developing and investigation of 
CaP coatings deposited by means of RF magnetron sputtering of ceramic 
targets [104-115]. RF magnetron sputter deposited coatings are applied to 
reduce the rate of release of heavy metal ions (like nickel) from the surface of 
metal substrates such as stainless steel 12X18H10T, titanium alloys, NiTi [116]. 
It can be noticed that RF magnetron sputtering at sufficient low pressure is a 
line-of-sight deposition process. Therefore, the spatial arrangement of treated 
samples regarding the sputtered target is one of the parameters, which might 
influence the features of the formed films [104-106, 109, 113]. For instance, 
amorphous or crystalline HA coatings have been deposited by means of RF 
magnetron sputtering on unheated substrates and studied by 
Ievlev et al. [117, 118]. The authors conveyed that amorphous or crystalline HA 
coatings were formed on polycrystalline titanium foils and single crystals 
(Al2O3, Si, CaF2, NaCl) substrates and the crystalline structure of the coatings 
was function of the spatial location of the substrates relative to the plasma 
distribution. A literature review showed that the degree of crystallinity of HA 
coating determines the biological response of cells [119, 120]. Amorphous and 
less crystalline coatings dissolve faster with a reduction of the implant stability 
in body as a consequence [121]. For technological improvement and to obtain 
crystalline coatings, RF magnetron sputter deposited HA films are treated by 
thermal annealing [122-124]. However, the latter approach does not allow to 
control phase and structure composition of the films and may deteriorate its 
adhesion features. In the work by Surmenev R.A. and Surmeneva M.A. textured 
nanocrystaline coatings with preferential orientation (002) on unheated 
substrate have been developed [104, 105]. It was established that negative bias 
applied to the substrate leads to a decrease of the coating texture and Ca/P ratio. 
The authors offered models describing the Ca/P ratio change in the condensed 
layers and the kinetics of nanocomposite coating formation consisting of 
nanocrystals mixed with amorphous regions The microstructure of textured 
fluorine-containing HA coatings deposited on the silicon substrates has been 
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describe by Lopez et al. [125]. In this latter study, however, the given film 
features are related to thin films deposited on the surface of monocrystalline 
silicon and potassium bromide. Or stated differently, there is an absence of 
information on the structure of HA coating deposited on the substrates 
modelling the surface of real implants. 
Despite the rapid advances achieved in the field of magnetron sputter deposition 
of HA films, currently, there is no reliable information on the growth 
mechanisms of CaP based coatings during RF magnetron sputter deposition. 
Generally, researchers focus only on the control of process parameters to 
optimize the coating properties in connection with biological studies without 
investigating the fundamental aspects of the film growth. Meanwhile, 
understanding of the film growth mechanism is essential for further 
technological improvements. 
The control over the preferential orientation of HA coatings prepared via RF 
magnetron sputtering may lead to a tailored behavior of the films. A number of 
published investigations suggest that HA with textured surfaces may enable 
control over cellular behavior due to the anisotropy of the protein adsorption 
behavior on the different facets of hexagonal HA crystals [126-128]. Molecular 
modelling and in vitro studies performed by the Bhowmik group have shown 
that acidic bone proteins and other proteins with a high affinity bind to the (100) 
plane of HA [41]. Meanwhile, protein adsorption–desorption on a nanoscale 
surface plays a crucial role in cell adhesion and the biomineralization process of 
biomaterials. The investigation of texture and microstructure development of 
RF magnetron sputter deposited HA coatings is the main objective of this study. 
As it is mentioned above the presence of OH-groups in the HA lattice is essential 
for HA structure formation. Absence or reorientation of OH-ions lead to 
structural changes, in particular to its decomposition and amorphization [129]. 
Weng at el. and Gross at el. demonstrated that in the case of plasma spraying, 
dehydroxylation of the molten powder particle during flight occurs which is 
considered to influence the formation of the amorphous phase [130, 131]. In two 
other papers [112, 132] it is reported that in case of the RF magnetron sputtering, 
the coating structure corresponds to the dehydroxylated hydroxyapatite with the 
chemical formula Са10(PO4)6(OH)2–2xOxVx, where V denotes a 
vacancy (0<x<1). In order to avoid this effect Kim at el. deposited textured HA 
coatings in a water-containing atmosphere by using PLD [133]. It was 
demonstrated that water addition during the film deposition affects the phase 
composition and the texture formation. Based on these studies, the influence of 
water content in the working atmosphere on the structure development of the 
RF magnetron sputter deposited HA coatings is an important research topic 
within the current thesis. 
1.6 Growth mechanisms of thin films 
The formation of thin films by deposition from a gas-vapor phase is a non-
equilibrium process. The microstructure of coatings is determined by the 
mechanisms of film growth and depends on the process conditions. The kinetics 
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of the condensation process includes the processes of adsorption, nucleation, 
island growth, and finally the formation of a continuous thin film. 
Adsorption 
Adsorption is the first step, preceding the formation and film growth. Atoms or 
molecules bombarding the substrate surface enter the region of action of Van-
der-Waals’s attracting and the repulsive forces from the surface of the substrate. 
Atom adsorption occurs during its approach to the surface at the critical distance 
(ro), at which its potential energy is minimal (Figure 1.7a). The sticking 
coefficient is the ratio between the amount of particles adsorbed on a surface 
and the amount of arriving particles. So the sticking coefficient defines the 
efficiency of the adsorption process. An adsorbate atom or molecule can interact 
with the substrate either by chemisorption or physisorption. The difference 
between both terms is related to the binding strengths and mechanisms involved. 
During physisorption there is no significant change in the electron structure of 
the adsorbate molecules and the surface. During physical adsorption, adsorbed 
molecules are usually mobile on the surface. Upon chemisorption between 
adsorbent and adsorbate atoms (molecules), a chemical bond is formed, and in 
this way chemisorption can be seen as a chemical reaction, which is limited to 
the surface layer. In some cases, both types of adsorption may simultaneously 
occur on one surface [134].  
Figure 1.7 b shows the typical adsorption isobars. The full lines introduce the 
equilibrium chemisorption and physisorption isobar. The dashed line refers to 
the irreversible chemisorption. At temperatures below Tmax the molecules are 
trapped in a physisorbed state. At this temperature the molecules or atoms 
cannot overcome the activation barrier to the chemisorbed state. With the 
temperature increase, the amount of thermal energy of the adsorbed molecule is 
high enough to be chemisorbed. Atoms with high thermal energy can desorb 
from the surface and return to the gas phase. 
 
 
Figure 1.7. (a) Lenard-Jones model for physisorption and chemisorption of molecules. 
Typical adsorption isobars are shown in (b). The solid lines are equilibrium 
physisorption and chemisorption isobars, the dashed line represents irreversible 
chemisorption. A maximum coverage of chemisorbed molecules is obtained at Tmax [93]. 
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Nucleation and thermodynamic growth modes 
The following stage in a coating growth process is nucleation. Adatoms interact 
with the substrate and with each other during deposition. As a result of the 
diffusion of adsorbed atoms, their grouping occurs on the surface. The adatom’s 
kinetic energy partly transforms into potential energy of their interaction, and in 
this way they become more stable against repeated vaporization. Having 
achieved some critical size, at which the probability of condensation exceeds 
the probability that the group will decompose, nucleation takes place. The 
conditions of deposition, such as substrate temperature and the deposition rate, 
will determine the critical nucleus size. The growth mechanisms are illustrated 
in Figure 1.8 [135]. 
 
Figure 1.8. Schematic drawing of three different growth modes: a) Frank-van der Merwe 
or layer-by-layer growth; b) Stranski-Krastanov or layer plus island growth; c) Volmer-
Weber or island growth [135]. 
Layer-by-layer, or two-dimensional, growth is realized under conditions in 
which an interaction between adsorbed atoms with the substrate is stronger than 
between the atoms in the layer (Frank-van der Merwe mechanism). As a result, 
the growth of the next layer of film does not begin until the formation of the first 
layer is completed. In the case when atoms of the forming film have a stronger 
bond than with the atoms of the substrate, the formation of three-dimensional 
islands occurs following the Volmer-Weber mechanism. During two-
dimensional – island growth (following the Stranski-Krastanov mechanism) 
after the completion of the growth of the two-dimensional layer, the formation 
of three-dimensional islands occurs. This mechanism occurs when there is a 
minor lattice mismatch between the film and substrate material. 
Simple distinction among these growths can be made in terms of the surface 
tension. Therefore, a basic thermodynamic model for homogeneous nucleation 
from a supersaturated vapour will be given. This surface tension represents the 
free energy per unit area necessary to create an additional surface. This approach 
is similar to the analysis used for contact angles as described by Young [136]. 
The horizontal components of the free energies are in equilibrium when 
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γS=γ*+γFcosθ where γS is the surface free tension of the substrate-vacuum 
interface, γF is the surface free tension of the film-vacuum interface, γ* is the 
surface-film interface tension and θ is the contact angle. Figure 1.9 shows a 
simplified picture of a nucleus and the free tensions γS, γF and γ*. In the case of 
Frank-van der Merwe growth, the angle between the adsorbate and substrate, θ, 
is equal to 0 and the free surface energy of the substrate is γS ≥ γ* + γF; in the 
opposite case, i.e. for Volmer-Weber growth conditions, θ > 0 and the surface 
energy of the substrate is γS ≤ γ* + γF. The Stranski-Krastanov growth is assumed 
to be formed due to the occurrence of a lattice mismatch between deposited film 
and substrate. The interface energy increases and the elastic strain field exceed 
the adhesion forces, since it is strained to fit the substrate [137]. 
 
Figure 1.9. Simplified picture of a deposited film where γS, γF and γ* correspond to the 
free surface tension of substrate-vacuum, film-vacuum and surface-film interface, 
respectively. 
It is necessary to notice that the nucleation model described above is not strictly 
applicable to PVD processes where the size of critical nucleus is only a few 
atoms. The predominance of one or the other growth mechanism is in general 
determined by matching of films’ crystalline lattice with the substrate’s, by the 
structure and temperature of the substrate, and by the flux of the deposited 
components [138]. Depending on sputtering conditions and the structures and 
temperatures of the substrate, a shift in the film’s growth mechanisms may 
occur. Additionally, in PVD methods kinetics plays essential role in the 
nucleation process, leading to a competition between the thermodynamic and 
kinetic factors (e.g. surface temperature and condensing rate). Therefore, the 
choice of sputtering parameters makes it possible to control the processes of 
structure formation of coatings, which in the end determine film functional 
properties. 
1.7 Structure zone models 
The first attempts to describe the structure of coatings depending on the 
deposition conditions were made in the second half of the 20th century by B. A. 
Movchan and A. B. Demchishin [139]. Based on the results of research on the 
microstructure of metallic films, the authors proposed three structural zones, 
whose formation is determined by the relationship of the substrate temperature 
to the melting point of the evaporated material (T/Tm). In accordance with this 
model, at T/Tm <0.3 diffusion of adatoms is limited, and therefore a columnar 
structure with porous boundaries of grains forms (Zone 1). If the condition 
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0.3<T/Tm <0.5 is fulfilled, then the structure of the coating will become more 
finely grained with parallel grain boundaries, perpendicular to the substrate 
surface, although it will remain columnar (Zone 2). Upon further heating of the 
substrate (T/Tm >0.5) the coating structure will consist of equiaxed grains 
(Zone 3). Thornton developed the four zone structural model with consideration 
for the impact of the pressure of the gas atmosphere on a coating formation 
mechanism and added a transition zone (Zone T) [140]. Zone T is a columnar 
structure similar to the structure in Zone 1, but with smaller fiber crystals and 
rather compact boundaries, which provide the coating with good mechanical 
properties. A schematic presentation of Thornton’s model, illustrating the 
dependence of the microstructure on both the homologous temperature of the 
substrate and the partial pressure of the working gas in the deposition chamber 
is shown in Figure 1.10. 
 
Figure 1.10. Schematic drawing of the structure zone model developed by Thornton 
[140]. 
The author of the paper [125], based on a study of the structure of TiN coatings 
developed by reactive magnetron sputtering, proposed an Extended Structure 
Zone Model (ESZM), In contrast to the Thornton model the 
microstructure/texture of the thin film is defined by the atom mobility and the 
momentum of the species bombarding the substrate. The latter is indicated in 
Figure 1.11 by the kinetic arrow[141]. 
According to the ESZM, the formation of the microstructure of a thin film is 
determined by the energy, which is available per arriving atom, or in short EPA. 
Important in this context is that the overall mobility of the atoms is not only 
defined by the energy flux, but also the material flux. Hence the energy flux 
must be normalized to the material flux. The ratio between the energy flux and 
the material flux gives the EPA. 
Zone Ia and Ib describe the structure of coatings, formed under conditions of 
low EPA. As a result, the adatom mobility is practically non-existent. An 
amorphous, porous film will form. A porous structure is characteristic for 
Zone Ia, and during increased bombardment of the coating by particles, it 
becomes denser. This microstructure is defined as Zone Ib. Further increase in 
the EPA leads to a transformation of the structure with the formation of a 
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textured film, whose grains are randomly oriented relative to each other 
(Zone Ic). In conditions when adatom mobility is enough to permit their 
intergranular diffusion, Zone T forms. In this case, an evolutionary growth 
mechanism of coatings’ grains manifests itself in the direction with the highest 
growth rate. The microstructure is characterized by V–shaped crystalline 
columns oriented perpendicularly to the substrate. A further increase in EPA 
leads to the growth of a coating textured in the direction of the plane with the 
minimal surface energy. Under these conditions the film structure is determined 
by the processes of recrystallization and the migration of intergranular 
boundaries (Zone II). In contrast to the models by Movchan et al. and Thornton, 
no Zone III is defined. The latter is, according to Barna et al., defined by 
impurities [142]. 
 
 
Figure 1.11. Schematic overview of the ESZM [126]. 
The zone structure models of thin film growth hold true in equal degree as much 
for ion-plasma films as for vacuum-arc or gas-phase films. Moreover, the results 
received within the scope of this study indicate the commonality of regularities 
of the formation of microstructure coatings, created by magnetron sputtering of 
targets of various materials. 
Summary 
Functional properties of the thin films are largely determined by the intrinsic 
coating features, which are defined not only by the material properties but to a 
large extend also by the thin film growth mechanism. Passing through several 
stages, adsorption, nucleation growth and increase film thickness, a defined 
coating structure is formed. The extended structure zone model identifies the 
evolution of a polycrystalline thin film and its relation with the deposition 
conditions. The condition of magnetron sputtering is favorable to formation of 
film corresponding to Zone T or Zone II, which are strongly dependent on the 
deposition parameters. The HA thin film grown in this work presents the 
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interesting feature of preferential orientation which can play a role in 
mechanical and biological behavior of the HA coating. Moreover, it was 
discussed that both texture and microstructure can be controlled by the 
deposition conditions. The next chapter describes in detail the experimental 
setup used in this work, the deposition conditions changed during the sputtering 
and the different characterization techniques used to understand the HA system. 
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2 Experimental setup and 
characterization methods 2 
 
The previous chapter described the different methods used to deposit the HA-
based thin films and gave a short review of the thin film growth process. In this 
chapter, the experimental setup is described, the experimental methods are 
explained, and the characterization techniques used to determine the film 
characteristics such as morphology, phase composition, texture and 
microstructure are discussed. 
2.1 Experimental setup 
The HA films were deposited by means of RF magnetron sputtering in the 
laboratory of Center of Technology, National Research Tomsk Polytechnic 
University (Tomsk, Russia). A scheme of the setup is shown in Figure 2.1. The 
main parts of the experimental setup include the vacuum chamber, the RF 
magnetron, the pumping system, the water-cooling system, the table rotating 
mechanism, and the gas inflow system. 
 
Figure 2.1. The scheme of the experimental setup: 1 – vacuum chamber, 2 – magnetron, 
3 – substrate holder, 4 – bias block, 5 – RF-generator. Motors resulting in the movement 
of the substrate holder are marked by “M”. 
The vacuum chamber has the shape of a horizontal cylindrical vessel with an 
upper lid. The cooling of the chamber is achieved by means of a flow of water 
through a cooling jacket in the cover of the vacuum chamber. The RF magnetron 
is located at the bottom of the vacuum chamber and consists of a cathode and 
an anode installed coaxially. The magnetron is powered with a RF-discharge 
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generator (COMDEL, 13.56 MHz). The vacuum system is pumped by a 
combination of a fore vacuum and a turbomolecular pump. In order to control 
the flow of the gas mixture during deposition, the installation is equipped with 
a three channel system for the inflow of working gases. This latter system 
consists of inflow-regulating valves (automatic inlet valves) with built-in 
electronic control blocks. In automatic mode the gas flow changes 
automatically, such that the pressure in the chamber is maintained at the desired 
level. The deposition conditions used in this work are summarized in Table 2.1. 
Table 2.1. Deposition conditions of the experiments. 
Parameter 
 
Exp. №1 Exp. №2 Exp. №3 Exp. №4 
Working gas Ar Ar Ar+10%H2O Ar 
Pressure, Pa 0.4 0.4 0.4 0.4 
RF-power, W 500 500 500 500 
Deposition time, min 180 180 180 – 480 240 
Target-substrate 
distance, mm 
40 40 43 
 
43 
 
Target material Ag-HA HA HA HA 
Substrate rotation mode - - circle-arc circle 
Additions - AgNPs - - 
First two series of experiments are devoted to the development and investigation 
of the HA coatings that contain silver as an antibacterial component. The 
depositions were performed by using the above described setup. In the 1st series 
of experiments the coatings were deposited by sputtering a silver-containing HA 
target. In the 2nd series of experiments bi-layer coatings consisting of silver 
nanoparticles (AgNPs) coated with a layer of HA were fabricated. AgNPs 
synthesis and the analysis of the samples produced in these two series of 
experiments were carried out at the Department of Inorganic Chemistry, 
Duisburg-Essen University (Essen, Germany). 
The AgNPs were synthesized by a wet chemical reduction method utilizing 
silver nitrate (Roth, p.a.) with glucose (D-(+)-glucose, Baker, p.a.) as a reducer 
and poly(vinylpyrrolidone) (PVP K30 Povidon 30; Fluka, molecular weight 
40.000 g mol-1) as a capping agent [1]. Briefly, 2 g glucose and 1 g PVP were 
dissolved in 40 g water and heated to 90°C. Next, 0.5 g AgNO3 dissolved in 
1 mL water, was quickly added to this solution. The dispersion was kept at 90°C 
for 1 h and then left to cool to room temperature. The subsequent particles were 
collected by ultracentrifugation (centripetal acceleration was equal to 
24.400 times 9.81 m/s2, the gravitational acceleration, and process time of 
20 minutes), dispersed again in pure water and then finally collected again by 
ultracentrifugation. In this way, the excess of NO3, PVD, and Ag+ were removed 
together with the excess of glucose and its oxidation products. The AgNPs were 
further re-dispersed in water. The AgNPs were deposited onto the Ti substrate 
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via a dripping/drying technique. First, 100 μl of the AgNPs solution was dripped 
onto the metal surface. After that the samples were dried for 15 min at 70°C. 
The AgNPs deposited onto the Ti substrate were further covered with the HA 
coating using RF magnetron sputtering. An overview of the full synthesis 
method of these thin films is shown in Figure 2.2. 
 
Figure 2.2. Schematic representation of the fabrication concept for the bi-layer 
AgNPs/CaP biocomposite: (1) wet chemical reduction synthesis of AgNPs, (2) deposition 
of AgNPs on the substrate and (3) RF magnetron sputter deposition of HA coating. 
In the 3d series of experiments the HA coatings were deposited with addition of 
water vapor into working gas atmosphere with an Ar/H2O partial pressure ratio 
equal to 9:1. Or stated differently a mixture of Ar+10%H2O was used. In order 
to get more uniform distribution of the coating features the substrate holder was 
rotated . More details on the substrate rotation will discussed in a following 
chapter. In the 4th experiment the coatings were deposited in Ar atmosphere with 
the arc rotation of the substrate holder.  
In these latter two studies the position of the substrates relative to the target is 
important. Therefore, a more detailed description of the target is given in 
Figure 2.3. A ring shaped erosion groove (racetrack) (3) forms on the surface of 
the sputtered target (1). The width of the racetrack is about 60 mm. The 
projections of the centers of the racetrack on the substrate plane are indicated 
with arrows. Samples for deposition were located on the substrate in radial 
directions.  
In the 3d and 4th experiments the substrate temperature during the sputtering 
process was measured by two Chromel-Copel thermocouples which were 
inserted on the backside of the substrate holder. Measuring the substrate 
temperature was carried out in the center of the substrate holder. The 
dependence of the substrate temperature on the time of deposition for Ar and 
Ar+10%H2O experiments is presented in Figure 2.4.  
Experimental setup and characterization methods 
-34- 
 
Figure 2.3. The scheme of the deposition experiment (not to scale). 1 – target, 2 – 
magnetic circuit, 3 – target erosion zone, 4 – substrate holder. Rin, Rc, Rout are inner, 
central and outer radii of the target erosion zone (Rin = 40 mm, Rc = 70 mm, 
Rout = 100 mm). 
 
Figure 2.4. The dependence of the substrate temperature on the time of deposition for Ar 
(□) and Ar+10%H2O (■) experiments. 
As Figure 2.4. shows the temperature initially increases at a rate of 
approximately 4°C/min to reach a plateau after approximately 100 minutes. The 
maximal substrate temperature was Тmax(3005)С. As the deposition time 
exceeds the 120 minutes, all samples are deposited at a temperature of 
approximately 300°C. 
Characterization of the samples obtained in the 3d and 4th experiments was 
performed at the Department of Solid State Sciences, Ghent University. 
2.2 Target preparation 
The sputter target (diameter 220 mm, thickness 9 mm) was prepared by ceramic 
processing technology, i.e. by uniaxial cold powder pressing at 70 MPa 
and subsequent annealing in air for 1 h at 1100°C and 950°C for HA target and 
Ag-HA target, respectively. As a precursor for the target material, powder 
produced by mechanochemical activation method with a stoichiometric 
composition (Ca/P = 1.67) was used. The precursor-powder was synthesized in 
the Institute of Solid State Chemistry and Mechanochemisty SB RAS of 
Novosibirsk under the supervision of professor of chemistry M. V. Chaikina [2]. 
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2.3 Substrates 
Pure titanium (Ti, grade 2) 1.5 mm thick plates were mainly used as substrates 
(10 mm×10 mm). The titanium plates were chemically etched in acid solution 
containing HF (48 %) and HNO3 (66 %) dissolved in the distilled water with the 
ratio 1:2:2.5 in volume. After acid-etching the samples were ultrasonically 
washed in ethanol followed by deionized water for 10 minutes at room 
temperature. The roughness (Ra), of the treated Ti plates was of 0.41±0.08 μm 
as measured by atomic-force microscopy. The topography of the substrate 
represented on Figure 2.5.  
 
Figure 2.5. Atomic force microscopy topographic image of treated Ti substrate. 
Ti was used because this material is the most frequently used as an implant 
material [3]. A number of published research papers of CaP coatings use 
titanium foils, silicon wafers and single crystals as substrates [4-8]. However, 
currently, there is no reliable information on the microstructure and the growth 
mechanisms of CaP based coatings deposited by RF magnetron sputtering on a 
rough titanium substrate, simulating the surface of the real implant. Therefore, 
a study of structural features of the CaP coatings deposited on titanium 
substrates has an important scientific significance. This fundamental 
understanding is the key for further technological improvements. 
Potassium bromide (KBr) substrates were used to the coatings with IR 
spectroscopy. Single crystal silicon wafers with orientation [111] were used as 
substrate to study the thickness and the morphology of films. 
2.4 Characterization methods 
Spectroscopic ellipsometry 
By means of ellipsometry, the thickness and the refractive index of the films 
were studied. This method measures the change of polarization of light during 
its reflection from the boundary surface between two phases. More specific, the 
change in degree of polarization (ellipticity) and rotation of the plane of 
polarization [9] is determined. 
Measurement of the optical constants of the studied coatings was carried out on 
the spectral ellipsometric equipment “ELLIPS – 1891 SAG” with a fixed angle 
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of light of 70° in a wavelength interval λ = (250–1000) nm. To calculate the 
refractive index of the experimental samples, an one-layer model (homogenous 
dielectric layer with a constant comprehensive refraction index through the 
thickness) was used. After measuring the ellipsometric parameters, for further 
calculations of the thickness, the following model was used: outer environment 
– homogenous isotropic film – substrate, in our case: air – HA – silicon. 
The refraction index (n) was calculated according to Cauchy’s formula: 
𝑛 = 𝐴 + 𝐵 𝜆2⁄ +
𝐶
𝜆4⁄ , (2.1) 
where the value of coefficients A, B, and C are experimentally obtained 
constants, defined by Cauchy’s static dielectric function, which allows to 
calculate the refractive index for a determined wavelength [10]. 
X-ray reflectometry  
The film density was performed by using X-ray reflectometry (XRR). XRR 
gives an unambiguous determination of thickness and density of thin film. 
The method is based on monitoring the intensity of the X-ray beam reflected by 
a sample at grazing angles. The reflected intensity at an angle 2θ is recorded. 
The incident angle is always half of the angle of reflection. The reflection at the 
surface and interfaces is due to the different electron densities in the different 
layers (films), which corresponds to different refractive indexes in classical 
optics. As the grazing-incidence angle θ increases above a critical angle θc, X-
rays start to penetrate the film. The density of the material is determined from 
the critical angle. Above θc the reflection from the different interfaces interfere 
and give rise to interference fringes. The period of the interference fringes and 
the fall in the intensity are related to the thickness and the roughness of the 
coating. 
XRR study of HA films was performed by using Brüker D8 Advance equipped 
with a scintillation detector and Cu Kα radiation was used. The samples were 
scanned from 0.3° to 6° with a step size of 0.01°. Parratt's method was used to 
determine the critical angle of total reflection [11]. 
X-ray photoelectron spectroscopy 
In this study, X-ray photoelectron spectroscopy (XPS) was used to perform a 
chemical analysis of the coatings. This method is based on the phenomenon of 
the photoelectric effect. Electrons whose binding energies are less than the 
energy of the exciting X-ray are emitted from the surface layer of the sample. 
They are called photoelectrons. The kinetic energy of the photoelectron emitted 
from the sample surface affected by monochromatic X-ray radiation (CuKα, 
AlKα, or MgKα) is analyzed. The equation of photoelectron emission is based 
on the work by Einstein and is written as follows [12]: 
𝐸m = ℎ𝜈 −  𝐸K − 𝜑A, (2.2) 
where h is Planck’s constant, v is frequency, Em is the measured value of kinetic 
energy of a photoelectron, EK is the binding energy of the electron, and φА is the 
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work function of the spectrometer. So, based on equation (2.2), the measurement 
of the kinetic energy allows to calculate the binding energy of the electron. 
The emitted electrons scatter inelasticly during their travel towards the vacuum. 
Their mean free path is short, and therefore only the electrons emitted from the 
first 5 nm or 10-15 monolayers of the sample can be detected. Hence, X-ray 
photoelectron spectroscopy is very surface sensitive. To protect the surface from 
the ambient, the research needs to be performed under ultra-high vacuum 
conditions (<10-7 Pa). The chemical analysis by XPS is based on the study of 
the measured binding energies which are characteristic for a given element. The 
concentration of the corresponding element is determined by the intensity of 
each line in the spectrum. 
The binding energy may change depending on the chemical surroundings of the 
given element. Thus, during the formation of chemical compounds, in which 
atoms of various elements perform the roles of donor or acceptor, the binding 
energies of these atoms will increase or decrease corresponding to their role in 
the compound. This feature makes it possible to study the chemical interaction 
of atoms on the surface and determine the type of chemical compounds which 
form the studied material. In this way, X-ray photoelectron spectroscopy gives 
information about the elemental composition of the studied surface, about the 
relative concentrations of elements, and of their chemical state. 
In this study the composition and chemical states of the HA coating have been 
analysed by using X-ray photoelectron spectrometer VG Scienta (Great Britain) 
in an ultrahigh vacuum with pressure no higher than 2×10-7 Pa. Analysis was 
carried out by using the radiation of AlK with energy 1486.6 eV, power of 
200 W and voltage of 10 kW, angle of photoelectron escape relative to the 
surface of 45º, and research area of 250 × 1000 mm2. XPS-spectra were taken 
from the sample surface and after Ar ion etching. To compensate for surface 
charging, an electron flood gun at 4 eV was employed. The effect of sample 
charging on the measured binding energy positions was corrected by setting the 
lowest binding energy component of the C1s spectral envelope to 284.6 eV, i.e. 
the value generally accepted for adventitious carbon surface contamination. 
Survey spectrum were obtained with a step of 0.2 eV and pass energy of 
157.7 eV. The high resolution measurements for O1s, C1s, Ca2p, and P2p were 
carried out with a step of 0.05 eV and pass energy of 107.125 eV. Photoelectron 
spectra were further processed by subtracting a linear background and using the 
peak area for the most intense spectral line of each of the detected elemental 
species to determine the % atomic concentration. All peaks in the spectrum were 
calibrated for C 1s (284.6 eV). The difference in the 2p3/2 and 2p1/2 levels was 
ΔCa(2p3/2−2p1/2)=3.55 eV and ΔP(2p3/2−2p1/2)=0.84 eV for the calcium and 
phosphorus peaks, respectively. Peak fitting of the high resolution 
measurements for Ca2p, P2p, O1s and C1s lines was performed with the Casa-
XPS software [13]. 
X-ray photoelectron spectroscopy was used also for investigation of the impact 
of ion bombardment on the composition change of HA materials. To accomplish 
this, XPS of the deposited coating and the target material was performed by ion 
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etching the studied surface with 1 keV and 4 keV argon ions for a duration of 
35 minutes.  
Scanning electron microscopy 
The morphology of the deposited films was studied by scanning electron 
microscopy (SEM). SEM is a method for high-resolution imaging of surfaces. 
To create a SEM image, the incident electron beam is scanned in a raster pattern 
across the sample's surface. The emitted electrons are detected for each position 
in the scanned area by an electron detector. The intensity of the emitted electron 
signal is displayed as brightness on a display monitor and/or in a digital image 
file. By synchronizing the position in the image scan to that of the scan of the 
incident electron beam, the display represents the morphology of the sample 
surface area. 
The SEM images of the coatings were obtained by a scanning electron 
microscope (SEM) FEI Quanta 200 F and ESEM Quanta 400 FEG. To reduce 
the surface charging effect, a thin Au film was deposited before the analysis by 
low-vacuum sputter coating with a current of 5 mA during 15 s. The cross-
section SEM imaging of the thin films deposited on a silicon substrate was 
obtained in order to reveal the coating microstructure throughout the film 
thickness. The sample’s cross-section was prepared in the following way: on the 
reverse side of the Si substrate a line was made with a diamond knife, and then 
the sample was bended. As a result, the substrate with the film broke into two 
parts. The surface from the damaged side was studied.  
X-ray diffraction analysis 
The crystal structure and phase composition of the coating were studied by X-
ray powder diffraction (XRD). This method is based on wave diffraction during 
the interaction of X-rays with the electrons of the crystalline sample. X-ray 
diffraction analysis makes it possible to analyze a crystal’s quality, phase 
composition, and the parameters of the crystalline lattice. 
The method is based on Bragg’s law, which provides the condition for X-rays 
to be diffracted by a family of lattice planes of crystals. According to this law, 
X-rays, Bragg reflected from the planes of atoms inside the crystal will 
strengthen only in the case when the difference in the travel path is equal to an 
integer number n of wavelength λ. The Bragg’s equation is written as follows: 
2𝑑 𝑠𝑖𝑛𝜃 = 𝑛λ, (2.3) 
where d is a interplanar distance, θ is a scattering (Bragg) angle, n is a positive 
integer and λ is the wavelength of incident wave. 
Displacement of peaks in X-ray diffraction analysis relative to reference peaks 
indicates a change in parameters of the crystalline lattice of the material being 
studied. The width of the radiation CuKα line, an apparatus diaphragm and 
inexact beam focusing, may lead to symmetrical peak broadening, whereas the 
slope of the surface and transparency of the sample may lead to unsymmetrical 
broadening. Structural defects in the sample also have an impact on broadening 
X-ray peaks.  
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The calculation of crystals’ size or coherent scattering region is done with 
Scherrer’s equation: 
𝐷 =
𝐾λ
𝐵cos𝜃
, (2.4) 
where K is a dimensionless shape factor, λ is the X-ray wavelength, β is the line 
broadening at half the maximum intensity (FWHM), θ is the Bragg angle. 
To determine the internal structure and phase composition of the Ag-containing 
HA films, a Panalytical Empyrean instrument with Cu Kα radiation (1.54 Å; 
40 kV and 40 mA) was used. The coated samples were investigated using 
grazing incidence X-ray diffraction (GIXD) with an incident beam angle of 
Φ = 2.0° (with respect to sample surface) and at 2θ varying over a range from 5 
to 110° with a step size of 0.05°. To calculate the average crystallite size and the 
lattice parameters, Rietveld refinement (using the Le Bail method) with the 
program package TOPAS 4.2 from Bruker was performed. For each Rietveld 
refinement, the instrumental correction as determined with a LaB6 standard 
powder sample from NIST (National Institute of Standards and Technology) as 
the standard reference material (SRM 660b). 
To obtain X-ray spectra of polycrystalline HA films in the experiment a series 
D8 Advance Bruker AXS diffractometer was used. Measurements were carried 
out in the Bragg-Brentano configuration with voltage of the X-ray tube at 40 kW 
and a current of 30 mA. A 1D detector (LynxEye Silicon Strip) with an angular 
step size resolution and without a monochromator was used. The step size 2θ 
was 0.05° and measurements were conducted within the range of 10° to 60°. 
Obtained diffractograms were analyzed with the program EVA. HA (#09-0432) 
and titanium (#44-1294) patterns from the International Center for Diffraction 
Data (ICDD) database were used as references for data interpretation. 
From the intensity data, the preferred orientation of crystallites in the thin film 
was evaluated by the texture coefficient (TChkl) according to the following 
equation [14, 15]: 
TChkl =
(
Ihkl
I0hkl
)
(n−1×∑(
Ihkl
I0hkl
))
,  (2.5) 
where I(hkl) is the measured X-ray relative intensity of the (hkl) plane, I0(hkl) is 
the relative intensity according to the database (hkl) are the indices for the 
reflections and n is the number of reflection planes. A texture coefficient larger 
than 1 indicates preferential orientation of the crystallites along a direction 
perpendicular to the substrate.  
Infrared spectroscopy 
Infrared (IR) spectroscopy includes research of molecular twisting, bending, 
rotating, and stretching in various combinations. During interaction with IR 
radiation, photons with determined wavelength are absorbed by the material. 
The multitude of simultaneously occurring oscillations creates a rather complex 
spectrum of absorption. The spectrum is characterized by the functional groups 
present in the molecule as well as by the general configuration of molecules. 
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Interaction with neighbouring atoms or groups of atoms leads to a shift of the 
absorption band toward larger or smaller wavenumbers. The majority of 
oscillating transitions in molecules with organic bonds occurs in a range of 
wavelengths (λ) from 2.5 to 25 micrometres. In units of wavenumbers 
ν = 1/λ (cm-1) of inverse values to wavelengths, the interval is 4000 – 400 cm-1. 
The main vibrational bands characteristic to HA in the area of 400 – 4000 cm-1 
are shown in Table 2.2. IR spectra were obtained with the equipment Thermo 
Nicolet 5700 in the range of 400 – 4000 cm-1. 
Table 2.2. The main vibrational bands characteristic to carbonate-substituted 
HA [16]. 
Band, cm–1 Structural fragments and the type of vibration 
471 doubly degenerate (υ2) of O-P-O in РО43– bending 
vibrations 
564, 604 triply degenerate asymmetric stretching vibration (υ4) 
of O-P-O in РО43– 
650, 670 libration absorption band of O-H in ОН– 
872 bending vibration of C-O in СО32–→ РО43– (В-type) 
879 bending vibration of C-O in СО32–→ ОН– (А-type) 
960 totally symmetric stretching vibration of Р–О in РО43– 
1081 asymmetric stretching vibration of Р–О in РО43– 
1416, 1472 asymmetric stretching vibration of С–О in СО32–→ 
РО43– (В-type) 
1452, 1498, 1547 asymmetric stretching vibration of С–О in СО32–→ 
ОН– (А-type) 
1640 bending vibration of Н-О-Н in Н2О 
3400, 3540, 3570 stretching vibration О-H in Н2О 
Atomic absorption spectroscopy 
Atomic Absorption Spectrometry (AAS) is a technique for measuring quantities 
of chemical elements present in environmental samples by measuring the 
absorbed radiation by the chemical element of interest. The technique makes 
use of the wavelengths of light specifically absorbed by an element. They 
correspond to the energies needed to promote electrons from one energy level 
to another, higher energy level. Atoms of different elements absorb 
characteristic wavelengths of light. Analyzing a sample to see if it contains a 
particular element means using light from that element. In AAS, the sample is 
atomized and a beam of electromagnetic radiation emitted from excited lead 
atoms is passed through the vaporized sample. Some of the radiation is absorbed 
by the atoms in the sample. The greater the number of atoms there is in the 
vapor, the more radiation is absorbed. A calibration curve is constructed by 
running several samples of known element concentration under the same 
conditions as the unknown. The amount the sample absorbs is compared with 
the calibration curve and this enables the calculation of the element 
concentration in the unknown sample. In this work AAS (Thermo Electron 
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Corporation, M-Series) was used to estimate concentration of Ca and Ag in Ag-
containing coatings.  
Transmission electron microscopy 
In a Transmission Electron Microscope (TEM), a high energy beam of electrons 
pass through a thin specimen. The TEM works on the same basic principles as 
the light microscope but uses electrons instead of light. Since the wavelength of 
electrons is much smaller than that of light, the optimal resolution attainable for 
TEM images is many orders of magnitude better than that from a light 
microscope. Thus, TEMs allow to reveal the finest details of internal structure. 
One of the main advantage of TEM is a possibility to record as well as an 
enlarged image at atomic resolution as a diffraction pattern. A scheme of a TEM 
in imaging in bright and dark fields and in diffraction mode is shown in 
Figure 2.6. 
A series of electromagnetic lenses focuses the electron beam transmitted 
through the specimen on a fluorescent screen. The sample for investigation is 
arranged in an objective table in the front of focal-plane of the objective lens. 
The enlarged image produced by the objective further magnified by the 
diffraction lens and the projector lens. In order to get diffraction pattern the 
strength of the diffraction lens is reduced so that the image of the diffraction 
pattern in the back focal-plane of the objective lens is focused on the final 
screen. Changing the diameter of the diffraction aperture D allows to record a 
diffraction pattern of a selected area, as-called called selected area diffraction 
(SAED). By using this technique, it is possible to reveal the phase composition 
of the studied specimen as well as to define the existence of alignment of the 
crystals in the film. So, in the case of polycrystalline material SAED will consist 
of diffraction rings. For the textured layer the rings will dissolve into diffraction 
spots. 
At the foundation of recognizing a crystalline structure by a microdiffraction 
image lies the measurement of the position of the reflections relative to the 
central. The interplanar space d in a crystal is determined by the Braggs 
equation. As a consequence of the small electron wavelength, the diffraction 
angle has a small value, and so the interplanar distance is calculated with the 
formula: rdhkl = λL. SAED patterns can be used to identify a crystallographic 
direction of the textured grains.  
Electron-transparent thin specimens for TEM is obtained with the following 
methodology. Samples with the size 3.0×1.0×0.1 mm3 are cut out of a titanium 
plate for the ion thinning on the precise cutting machine Bühler with a disk 
0.3 mm thick and with an abrasive diamond grinding agent and low disk rotation 
frequency. The obtained billets are then treated with Ar ion thinning on the 
equipment EM-09100IS of the firm Jeol using conditions which minimize 
structural changes in the samples (accelerating voltage of 6 kW, angle of 
incoming ion beam 2 – 4º). TEM was carried out on the JEM 2100 (Japan) at an 
accelerating voltage of 200 kW and with a resolution capability of 1.4 Å at the 
Institute of Strength Physics and Materials Science SB RAS, in Tomsk. 
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Figure 2.6. Beam path in a TEM around the objective lens. At the position of the back 
focal plane an aperture can be used in image mode to obtain the image of electrons that 
are diffracted at a specific angle. In diffraction mode, an aperture can be used at the 
image plane to obtain the diffraction pattern of a selected area on the specimen. 
Nanoindentation 
The method of nanoindentation is based on the measurement of the hardness (H) 
and elastic modulus (E) of a material surface layer from indentation load–
displacement data obtained during one cycle of loading and unloading. The 
indentation is performed with using geometrically self-similar indenters like the 
Berkovich triangular pyramid. A schematic representation of a typical data set 
obtained with a Berkovich indenter is presented in Figure 2.7. The parameter P 
defines the load and h the displacement relative to the initial non-deformed 
surface. The maximum load, Pmax, the maximum displacement, hmax, the elastic 
unloading stiffness, S, and the permanent depth, hf, can be measured from the 
P–h curves. S is defined as the slope of the upper portion of the unloading curve 
during the initial stages of unloading. 
The exact procedure used to measure nanohardness and Young’s modulus is 
based on the unloading processes. The hardness is estimated from H = Pmax/A, 
where A is the contact area under load. Measurement of the elastic modulus 
follows from its relationship to contact area and the measured unloading 
stiffness through the relation 
𝑆 =  𝛽
2
√𝜋
𝐸𝑒𝑓𝑓√𝐴,  (2.6) 
where Eeff is the effective elastic modulus defined by  
1
𝐸𝑒𝑓𝑓
=  
1−𝜈2
𝐸
+ 
1− 𝜈𝑖
2
𝐸𝑖
, (2.7) 
The effective elastic modulus takes into account the fact that elastic 
displacements occur in both the specimen, with Young’s modulus E and 
Poisson’s ratio ν, and the indenter, with elastic constants Ei and νi. 
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Figure 2.7. Schematic illustration of indentation load–displacement data [17]. 
Nanoindentation tests of Ag-HA coating [18] were performed using a 
Nanotriboindenter TI-950 (Hysitron Inc., USA) equipped with a Berkovich tip. 
H and E of the coatings were obtained from the indentation curves according to 
Oliver and Pharr method [19]. Load–displacement curves with the load ranging 
from 100 μN to 500 µN were obtained in order to determine penetration depth, 
elastic modulus and hardness of the composites as a function of the applied load. 
The following loading-unloading sequence was performed at each peak load: 
the loading to maximum load for 5 s, hold segment for 2 s to minimize the creep 
effect, complete unloading for 5 s. Repeated indentations were performed then 
the values of Н and Е were calculated as an average of 10 indentations. 
Summary 
In this chapter the focus is given to the experimental setup and the 
characterization methods used to determine the HA thin films features. During 
this work the RF- magnetron sputtering is used to grow HA films on a substrates 
from titanium modelling surface of real implants. The process parameters of the 
provided experiments are given. In Chapter 3 the effect of different deposition 
conditions on several characteristics of the film, microstructure and texture will 
be discussed.   
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3 Physico-mechanical 
properties 
of silver - containing 
hydroxyapatite thin films  3 
 
RF magnetron sputtering allows to produce HA coating doped with additional 
elements by using co-deposition of multiple target materials [1-4]. For example, 
Chen et al. reported the properties of Ag-HA coatings co-sputtered using Ag 
and HA targets [4]. Alternatively, doped HA thin films can also be deposited by 
using a multicomponent target. Ozeki et al. characterized the features of Sr-
substituted HA coatings deposited from a Sr containing target [3]. 
In this chapter, this latter strategy is used to deposit a Ag-HA coating The 
composition, phase structure, microstructure, and morphology as well as the 
mechanical features of the Ag-HA sputter deposited coating are presented and 
discussed. The effect of silver on the properties of the deposited coating is 
revealed. 
 
3.1 Properties of the mechanochemically synthesized Ag-HA 
powder 
Before the target preparation, the synthesized precursor Ag-HA powder was 
annealed at 950°C for 1 h. The starting compounds for Ag-HA powder synthesis 
were dicalcium phosphate anhydrate,CaHPO4, calcium oxide, CaO, and silver 
nitrate, AgNO3. Ag-HA powder (Ca10−xAgx(PO4)6(OH)2−x, x = 1.5) was 
prepared in a planetary ball mill in three 1800 mL steel drums for 12 minutes at 
room temperature followed by subsequent annealing in air at 950°C for 1 h. The 
mechanochemical synthesis was carried out according to the following reaction: 
6CaHPO4 + 2.5CaO + 1.5AgNO3 →  
Ca8.5Ag1.5(PO4)6(OH)0.5 + 2H2O + 1.5HNO3.            (1) 
Figure 3.1 shows X-ray diffractograms of the Ag-HA precursor powder before 
and after annealing. Two phases, corresponding to the crystalline HA and 
metallic silver, were resolved. The sharper XRD peaks, with a smaller FWHM, 
indicate that the crystal size has increased after annealing. The lattice parameters 
and crystallite sizes of the HA and silver phases obtained for the annealed 
powder are given in Table 3.1.  
The lattice parameters of the HA were calculated to be smaller compared with 
those of standard HA (ICDD database #09-432 card number). The slight 
variation of the unit cell parameters could be due to the strain which arose in the 
material during sintering or partial incorporation of silver atoms into HA 
structure.  
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Figure 3.1. X-ray diffractograms of the Ag-containing HA powder-precursor before (a) 
and after (b) annealing. Marked peaks correspond to the peak positions of silver, vertical 
lines show the positions of HA. 
Table 3.1. Lattice parameters of the Ag-HA powder-precursor after annealing. 
 Lattice parameters Crystallite 
size, nm a=b, Å c, Å V, Å3 
HA measured 9.423 6.882 529.27 89 
ICDD (09-432) 9.418 6.884 528.8 - 
Ag  measured 4.089 - 68.37 63 
ICDD (04-0783) 4.086 - 68.22 - 
 
The FTIR spectrum of the mechanochemically synthesized powder showed 
absorption bands at 570, 602, 960 and 1048 cm-1, corresponding to bending and 
stretching vibrations of P-O bonds of phosphate tetrahedra in the hydroxyapatite 
lattice (Figure 3.2а) [5, 6]. Because the powder was synthesized in air, carbonate 
ions are present in the hydroxyapatite structure on the position of phosphate ions 
that led to a C-O bending absorption band at 870 cm-1 and stretching absorption 
bands at 1422 and 1471 cm-1. Adsorbed and weakly bound water caused O-H 
bond bending and stretching absorption bands at 1630 cm-1 and 3400 cm-1, 
respectively. The spectrum also showed a sharp band at 1387 cm-1 due to nitrate 
N-O bond vibration, caused by residual silver nitrate used as the silver source 
during synthesis. After annealing of the powder, the IR spectra showed bands 
due to phosphate groups and O-H bending and stretching absorption bands at 
631 and 3575 cm-1 in the hydroxyapatite structure. The lines of P-O group at 
960 and 1048 cm- 1 are well resolved for annealed material compared with the 
precursor powder. The latter indicates, in agreement with the XRD results, a 
larger crystal size for the annealed powder. 
The broad low intensity bands in the range of 3250-3500 cm-1 were assigned to 
the presence of adsorbed water molecules (Figure 3.2b) [7, 8]. C-O stretching 
absorption bands at 1471 cm-1 are also presented. We conclude that the 
annealing of mechanochemically synthesized silver-hydroxyapatite powder 
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resulted in the removal of volatile components of residual nitrate and partly 
carbonate from the material. 
 
Figure 3.2. FTIR spectra of mechanochemically synthesized silver-hydroxyapatite 
precursor powder: a) before and b) after annealing for 1 h at 950°C. 
Due to the fact that the target preparation was at a lower sintering temperature 
we assume that the target had the same phase composition as the annealed Ag-
HA powder. Thus, the target preparation procedure allows us to obtain 
nanostructured precursor material with two crystalline phases: HA and metallic 
silver. 
 
3.2 Characterization of the RF magnetron sputter deposited 
Ag-HA coating 
Morphology and composition of the Ag-HA coating 
According to the results obtained using ellipsometry the thickness of the 
deposited Ag-HA coatings is 500±30 nm. The typical surface morphology and 
cross-section (see inset) of the microstructure of thin films are depicted in Figure 
3.3. All the samples represented a mound-like morphology. An average mound 
size of the Ag-HA coating deposited on titanium substrates was calculated to be 
170±10 nm. The coating cross-section possesses columnar structure which is 
well-known for magnetron sputter deposition [9-11]. 
The coating composition was studied by EDX analysis. The typical spectrum 
confirms the presence of calcium (Ca), phosphorus (P), oxygen (O), and silver 
(Ag). An average silver content was estimated to be 2.58±0.2 wt%. Meanwhile, 
the content of silver in the target was 14.988 wt% corresponding to 1.5 mol 
silver per HA lattice unit. The silver content in the coating obtained under 
applied deposition conditions is lower as compared to the silver target content. 
The same trend was observed by Boyd et al. reported on Sr-substituted HA 
coating deposited by co-sputtering of HA and Sr-HA targets [1]. In that study 
the deposition was performed at relatively low sputtering power (150W). The 
concentration of Sr in the coatings was detected to be lower than that of the 
sputtered material. It was shown that the deposition rate of Sr-HA is lower than 
that observed for HA coating [1]. When the target consists of a mixture of two 
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phases, it is possible that the flux composition from the target is not the same as 
the target composition. Selective sputtering of different elements or grains of 
multicomponent material can occur. Certain equilibrium is needed to be reached 
in order to get similar composition in the coating [12, 13]. In our case it is likely 
that this equilibrium has not been achieved explaining the difference between 
the film and the target composition. 
 
Figure 3.3. SEM image of the surface morphology of Ag-containing HA coating 
deposited on titanium. The inset shows a cross section of the same coating. 
According to the EDX data the Ca/P ratio of the studied coating is of 1.6±0.1 
which is close to that of the bulk HA (1.67). The Ca/P ratio is known to define 
the thermodynamic stability, reactivity, solubility and mechanical properties of 
the CaPs. The cellular response, their viability and differentiation are also 
influenced by the Ca/P ratio [14]. It was suggested that the coatings with a ratio 
of Ca/P<2 are most favourable for cells [15]. 
 
Figure 3.4. X-ray diffractogram of Ag-HA coating deposited on titanium. The vertical 
lines show the positions of the HA. The dashed vertical lines represent the HA patterns, 
symbol (*) – titanium pattern in accordance with ICDD data base. 
Figure 3.4 represents the XRD data obtained for the Ag-HA coating deposited 
on titanium. The most intense peaks corresponding to HA are resolved at 25.8 
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(002), 31.7 (211), 32.2 (112). An Ag diffraction peak was not clearly 
observed. The mean crystallite size averaged over all crystallographic directions 
is around 433 nm. The lattice parameters of HA in the coating were calculated 
to be: a = 9.502 Å, c = 6.903 Å and unit cell volume, v = 539.7 Å3. It is quite 
evident that both the ‘a’ and ‘c’ axes of HA phase were increased compared with 
those of the bulk HA (Table 3.1) leading to an increment in the unit cell volume. 
It was already reported that structure of HA is quite flexible and can incorporate 
various metallic ions (Ag, Mg, Sr, Pb etc.) [16-21]. In the presence of these 
elements, the lattice parameters of HA was changed. In general, cation 
substitution in HA originate for Ca2+ ions which occur in two distinct sites, and 
the main complication is to determine the location of the substituted ions. 
Frequently the incorporation of cations is described by the substitution of Ca 
located in triangles with two OH groups and these triangles form so-called “OH-
channel” perpendicular to the c-axis. This is schematically shown in Figure 3.5. 
Considering the fact that the ionic radius of Ag+ is 115 pm, whereas the ionic 
radius of Ca2+ is 100 pm we believe that the unit cell dimensions change could 
be attributed to the incorporation of Ag in the HA lattice. These conclusions are 
in a good agreement with the results reported elsewhere [22, 23], where Ag+ is 
substituted in the Ca2+ site resulting in slight increase in lattice parameters.  
The lattice volume expansion due to substitution ( √539.7/529.27
3
) gives as a 
value of 1.006603. Assuming that an isotropic lattice expansion of HA in the 
Ag-HA coating occurs only by cation substitution the concentration of the Ag+ 
can be calculated. An increase of the cation radius gives an amount of Ag+ in 
the HA lattice by solving the equation (x∙RCa + (1 - x)∙RAg = 1.006603). The 
formula of the Ag-substituted HA can be written as Ca9.56Ag0.44(PO4)6(OH)1.56. 
That gives of 4.8 wt% of Ag in the coating as a reasonable agreement with the 
EDX results of 2.58±0.2 wt%. 
 
Figure 3.5. The structure of the OH channel in HA [20]. 
Figure 3.6 shows the FTIR data obtained for the magnetron sputter deposited 
Ag-HA coating. All the data revealed the presence of absorption bands at 1028 
and 598-566 cm-1 typical for stretching and bending vibrations of P-O-groups 
in HA [5, 6]. The sharp and well-resolved patterns in this area indicate a highly 
ordered structure of the HA [24]. The absorption bands assigned to B-type CO32- 
vibration are observed in the range 1411-1450 cm-1. The presence of CO32- ions 
is expected and likely caused by their incorporation into the HA powder 
structure during preparation procedure in air [25]. It is noticed that the stretching 
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and libration mode of O-H band appeared at 3571 and 634 cm-1, 
respectively [23]. The O–H vibration peaks were observed to reduce for Ag-HA 
coating compared to the precursor material (Figure 3.2b). As it is mentioned in 
chapter 1, some studies reported the absence of the O-H band in the structure of 
the HA coating obtained by magnetron sputtering and explained this effect as 
the thermal dehydroxylation of HA [26-28]. Meanwhile, there are several works 
on the investigation of HA loaded with additional elements where authors claim 
another reason for this change. For instance, Nath et al. reported the properties 
of HA-10 wt% silver composites [23]. Any extra FTIR-lines were found within 
the wavenumber range of 400–4000 cm-1 after Ag doping in HA while the 
reduction of the O-H vibration band intensity in the case of the samples with 
silver was observed. Using Raman spectroscopy the presence of Ag–O bond in 
Ag-HA composite was confirmed. Similar observation was reported for Ag 
substituted HA [29]. Lin et al. studied Sr-doped HA and attributed the reduction 
of O–H peak intensity at 3570 cm-1 to the weakening of O–H bond due to 
substitution of Ca2+ ions by the bigger Sr2+ ions [30]. Nath et al. explained the 
mechanism of a vacancy creation in the anion site of HA structure in the case of 
Ag incorporation [23]. They claimed that the oxygen vacancy attracts the proton 
of OH-bond towards Ag-defect in the structure and as a result the stretching 
vibration of OH bond is modified. Considering the obtained XRD and IR data 
we suggest that partial substitution of Ca positions by Ag ions in HA lattice can 
take place during coating deposition. 
 
Figure 3.6. FTIR spectra of the Ag-HA coating deposited on KBr single crystals.  
Mechanical properties of Ag-HA coating 
In order to estimate the effect of the doping of HA with Ag on the mechanical 
properties of the Ag-HA coating these data were compared with those reported 
in [31] for HA films and uncoated acid-etched titanium substrate.  
Figure 3.7 shows the load-displacement curves of HA coating, Ag-HA coating 
on titanium and uncoated titanium obtained using nanoindentation at a 
maximum load Pmax of 100 µN. A significant increase in nanohardness of the 
film in comparison with that of the uncoated substrate was observed resulting in 
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the essential decrease in the penetration depth at the same Pmax. At a maximum 
load of 100 µN the values of the indentation depth (hmax) were 103, 76 and 
63 nm for Ti, HA and Ag-HA, respectively. Therefore, it can be concluded that 
Ag-HA coating revealed the lowest plastic deformation are compared to the 
uncoated titanium and the HA-coated titanium. 
 
Figure 3.7. Load–displacement curves obtained for uncoated, HA and Ag-HA-coated 
titanium at a maximum load of 100 µN. 
The evolution of the mechanical properties as a function of the penetration depth 
was investigated to evaluate the substrate effect on the results of 
nanoindentation measurements. The evolution of H and E as a function of the 
penetration depth (h), determined from nanoindentation tests for the Ag-HA 
coating are shown in Figure 3.8. 
 
Figure 3.8. The nanohardness H (a) and Young’s modulus E (b) plotted as a function of 
the indentation depth for Ag-HA coating 
The evolution of the elastic modulus and hardness as a function of the 
indentation depth was similar. The obtained increase in nanohardness and elastic 
modulus at low indentation depths is generally related to various effects like tip 
radius and surface roughness and morphology. The nanohardness as well as 
Young’s modulus decreased with increasing indentation depth independently 
from the film thickness. As the indentation depth approaches the Ag-HA/Ti 
interface, the Young’s modulus reaches the value of that of the titanium 
substrate (E=93 GPa). This behavior is typical for a hard coating fabricated on 
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a soft substrate. The similar dependence of indentation hardness on the 
indentation depth of the hard thin films deposited on the soft substrate has also 
been observed in [32]. It was defined two types of the substrates and films, 
namely hard and soft substrates and hard and soft films. 
According to the studies [33, 34], the size-dependent behavior is possible due to 
two reasons: (i) the decrease of indentation hardness at small depth of 
indentation is due to the strain gradient effect, and (ii) at large depth of 
indentation is due to the effect of soft substrate. However, the substrate is found 
to influence the size-dependent behavior comparable to the strain gradient 
effect. 
The largest H=7.2 ± 0.2 GPa and E=1246 GPa were observed at 100 nm 
indentation depth for the Ag-HA coated titanium substrate. The values of 
nanohardness and elastic modulus experimentally determined in this study are 
in a reasonable agreement with the data from the literature [35, 36]. Most of the 
reported values of E and H determined by the nanoindentation technique with a 
Berkovich indenter for magnetron sputtered thin HA films ranged from 70 and 
150 GPa and 4 and 10 GPa, respectively [37, 38]. The values of nanohardness 
and Young's modulus of Ag-HA, HA films and uncoated acid-etched titanium 
substrate [31] are summarized in Table 3.2. The E and H values of Ag-HA 
coating deposited via RF magnetron sputtering were larger than those of HA 
film and uncoated acid-etched titanium. 
Table 3.2. The values of the penetration depth h, nanohardness H, Young's 
modulus E for the HA and Ag-HA coatings and the uncoated titanium substrates 
after acid etching. 
Samples h H, GPa E, GPa 
Acid-etched titanium 100 1.7 ± 0.2 124 ± 6 
50 0.9 ± 0.1 84 ± 17 
HA-coated titanium 100 3.8 ± 0.2 55 ± 6 
50 3.6 ± 0.1 32 ± 17 
Ag-HA-coated titanium 100 7.2 ± 0.2 124 ± 6 
50 6.0 ± 0.5 96 ± 8 
An increase in nanohardness with the doping of Ag to the HA films may be 
attributed to several factors such as stress state of the film and its microstructural 
features. 
As it is mentioned above, the studied Ag-HA films with the thickness of 500 nm 
had a mound-like morphology with the average mound size of 170±10 nm. Pure 
HA coatings deposited under similar conditions possess an average mound size 
increasing from 110 ± 35 to 360 ± 120 nm when the coating thickness increases 
from 170 ± 20 to 440 ± 50 nm [7]. Comparison of given data showed that in 
case of the Ag addition the mound size of the Ag-HA films does not reach the 
value of the mound size of HA coating with a similar thickness. The latter 
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indicates that Ag in the coating restrains the growth of the coating 
structural features. According to the XRD data, the 440 nm thick HA film and 
500 nm thick film containing Ag possess comparable crystallite size, ca. 
43 – 46 nm. 
Comparing the results of the study of the HA coating [7, 30] to the present 
results it can be concluded that the incorporation of Ag resulted in decrease of 
the average mound size and increase in the H and E of the HA-based coating. In 
order to reveal the mechanisms contributing to the development of the 
mechanical properties of the Ag-HA coatings a detailed study of the 
microstructural characteristics are required. 
Summary 
RF magnetron sputter deposited nanostructured Ag-HA coating with high 
crystallinity, grain-like morphology and columnar cross-section structure was 
studied. The content of silver in the coating is lower than that in the target. It is 
considered that the deposition conditions had a significant impact on the 
sputtering mechanism and as a consequence the silver content in the coating. 
Based on the results of XRD and FTIR measurements we believe that silver ions 
can partially substitute calcium positions in HA lattice during coating deposition 
process, which results in the increase of the lattice parameters in the case of 
the Ag-HA coatings. No metallic silver was observed as a separate phase in the 
Ag-HA coating. It is found that with the addition of silver the nanohardness and 
elastic modulus of the HA coatings increased compared to those of acid etched 
and HA-coated titanium. Further studies will focus on the development of an 
approach allowing to tune the concentration of silver in the coating and detailed 
investigation of the coating microstructure. 
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4 Development of a 
hybrid biocomposite 4 
 
This chapter describes the development of a hybrid biocomposite to to modify 
the surface properties of Ti. The development aims at a higher bioactivity and a 
tunable antibacterial activity. The biocomposite combines the advantages of RF 
magnetron sputter deposition, and the wet-chemical synthesis of silver 
nanoparticles.  
4.1 Properties of the HA target 
Composition and structure of the HA target material were studied by X-ray 
diffraction (XRD), IR-spectroscopy and X-ray photoelectron spectroscopy 
(XPS). The diffraction patterns of synthesized and annealed precursor-powder 
showed the peaks which are all characteristic for apatite (Figure 4.1 a). 
 
 
Figure 4.1. XRD spectrum (a), IR – spectroscopy (b) and survey XPS spectrum (c) of the 
target material used for deposition of HA coatings. Vertical lines on XRD graph mark 
patterns of the standard HA according ICDD database (card № 9-432). 
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Samples for IR spectroscopy study were prepared by following procedure: the 
annealed HA powder was mixed with KBr powder and then pressed into a pellet. 
IR spectrum of the studied target material showed absorption bands at 570, 602, 
960 and 1048 cm–1, corresponding to bending and stretching vibrations of P-O 
bonds of phosphate tetrahedra in the hydroxyapatite lattice (Figure 4.1 b) [1-3]. 
Because the powder was synthesized in air, carbonate ions are present in the 
hydroxyapatite structure on the position of phosphate ions that led to a C-O 
bending absorption band at 870 cm–1 and stretching absorption bands at 1422 
and 1471 cm–1. Adsorbed and weakly bound water caused O-H bond bending 
and stretching absorption bands at 1630 cm–1 and 3400 cm–1, respectively [4, 5]. 
The broad low intensity bands in the range of 3250–3500 cm–1 were assigned to 
the presence of adsorbed water molecules. 
XPS survey spectrum consists of characteristic lines of calcium (Ca2p3/2, 
Ca2p1/2), phosphorus (P2p), oxygen (O1s), carbon (C1s), binding energy of the 
elements correspond to the chemical state of these elements in HA structure 
(Figure 4.1 c). Obtained results are summarized in Table 4.1. Calculated Ca/P 
ratio is of 1.67±0.02. Given data shown that the target material consists of 
crystalline HA with stoichiometric composition.  
Table 4.1. XPS data of the target material. 
Element Binding energy, eV Content, at% 
С 284.6 40.0 
O 531.6 35.7 
Ca 346.9 15.2 
P 133.1 9.1 
4.2 Characterization of the developed biocomposite 
The metallic core diameter of the AgNPs determined from the SEM analysis 
was 50±20 nm. The deposition conditions of the HA coating are provided in 
Chapter 2, Table 2.1. The thickness of the HA coatings deposited by RF 
magnetron sputtering was 380±10 nm regardless of the AgNPs content. SEM 
images of the AgNPs and AgNPs/HA on the surface of Ti are depicted in 
Figure 4.2 (a, b). Dense films with a nanoscale morphology are observed. The 
EDX spectrum revealed that the obtained composite contains Ca, P, O and Ag. 
The total amount of silver on the substrate surface and the Ca/P ratio were 
determined by micro-analytical methods after the total dissolution of the 
produced layers in the HNO3 solution. The Ca/P ratio was calculated to be 
2.20±0.15 using data from the elemental analysis (AAS and UV-spectroscopy). 
According to the AAS, the total amount of silver on the surface of the Ti before 
and after coating deposition was 50±4 and 48 ± 3 μg cm-2, respectively. As 
reported in the literature the decomposition temperature of PVP is in the range 
of 430-500°C which is well above the substrate temperature. As discussed in 
Chapter 2 (§ 2.1, Figure 2.4) the substrate temperature under similar deposition 
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conditions does not rise above 300°C. Therefore, we consider that the RF 
magnetron sputtering does not influence the condition of AgNPs, i.e. their 
amount on the substrate surface, its initial size and morphology. 
 
Figure 4.2. SEM images and EDX spectra (insert) of the deposited (a) AgNPs and (b) 
AgNPs/HA biocomposite on the surface of the Ti. 
 
Figure 4.3. XRD patterns of the studied samples with an incident beam angle of 2.0°: a) 
AgNPs on the surface of the Ti and b) the AgNPs/HA biocomposite. 
The diffraction patterns of the formed coatings showed peaks corresponding to 
a HA: 25.8 (002), 31.7 (211) and 32.2 (112) (Figure 4.3). Three peaks with a 
low intensity were observed and attributed to the presence of metallic silver at 
46.3 (200), 64.5 (220) and 81.5 (222). Meanwhile, the Rietveld refinement 
of the diffractogram showed that the most intense silver line at 38 2θ (111) 
overlapped with a Ti line (002) leading to asymmetric XRD peak broadening in 
the latter.  
The lattice parameters and crystallite size of the deposited AgNPs and HA 
coatings are summarized in Table 4.2. According to the XRD pattern we may 
conclude that the HA coating was produced with a high degree of crystallinity: 
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the corresponding peaks of the HA nanocrystalline phase are set on a horizontal 
background line. The average crystallite size of the HA and AgNPs determined 
through Rietveld refinement using the Scherrer equation were found to be 35 
and 10 nm, respectively. The AgNPs have a smaller crystallite size than their 
particle size (20-50 nm) because they are multiply twinned domains. 
Table 4.2. Crystallite size and unit cell parameters for the HA and AgNPs 
coatings and the Ti substrate. 
 Crystallite size, nm Unit cell parameters 
a-axis (Å) c-axis (Å) 
HA 35 9.442 (5) 6.897 (3) 
AgNPs 10 4.093 (2) - 
 
 
Figure 4.4. Typical SEM image of the biocomposite cross-section. Images obtained from 
a secondary electrons beam (a), from backscattering reflections (b), and superposition 
of both images (c). 
The structure of CaP coating affects its solubility and is considered an important 
factor in determining the biological properties of the film [11]. According to the 
literature, the dissolution behavior of the CaPs can affect the proliferation and 
differentiation of bone-like cells either positively or negatively, depending on 
the experimental conditions [12]. RF magnetron sputtering permits the 
preparation of the HA coatings in different structural states (amorphous or 
nanocrystalline depending on the deposition control parameters) [10, 11]. This 
may be an effective approach to providing long-term bioactivity and 
antibacterial properties to the AgNP/HA biocomposite for in vitro and in vivo 
biological environments. 
SEM micrographs of the cross-section of the biocomposite with the secondary 
electron and backscattering electron reflections reveal a double-layered 
structure (Figure 4.4). High atomic number elements, such as silver, backscatter 
electrons more intensively than elements with lower atomic numbers and thus 
appear brighter in the BSE micrographs. AgNPs were found below the HA layer 
filling in the irregularities on the surface of the acid etched Ti substrate. 
4.3 Silver release test 
The AgNPs are supposed to inhibit bacterial growth by continuously releasing 
silver ions. In recent years, the high antibacterial potency of AgNPs as well as 
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the ability to inhibit the formation of biofilms has been confirmed [13-16]. To 
estimate the antibacterial activity of artificial materials in vitro or in vivo, the 
silver ion release behavior must be studied first.  
Dissolution studies were conducted in two different types of artificial fluids 
using AAS. The samples were incubated in 10 mL of a 0.2 M acetate buffer (Ac) 
and a 0.2 M phosphate buffer (Ph) for up to seven days at 37±2°C to mimic the 
physiological conditions inside the human body. The pH of the Ph and Ac 
solutions was 7.4 and 5.7 as-prepared, respectively. After one and seven days, 
5 mL of the medium was extracted from the test flasks. The content of silver in 
each sample was analyzed by AAS by adding 1 mL of 65% HNO3 solution to 
the medium. 
In this study the dissolution behavior of the developed biocomposites in the 
acetate and phosphate buffers was tested. The pH of the acetate buffer is acidic, 
it simulates the human skin pH condition and the acidic environment created by 
macrophages (cells of the immune system), which are always presented in the 
environment of the implantation site. Blood pH is rather neutral, close to the 
phosphate buffer. In a solution with a neutral pH the HA dissolves very slow. 
However, dissolution capability depends on the grain size of the coating and its 
structure. Table 4.3 shows a comparable amount of silver released over time in 
the different media. 
Table 4.3. The amount of released silver from the AgNPs/HA composites. Total 
silver content on the Ti surface is 48±3 μg cm-2. 
 Acetate buffer, 
pH 5.7 
Phosphate buffer,  
pH 7.4 
 24h 7 days 24h 7 days 
Cumulative amount of silver 
ions divided by the solution  
volume (10 mL), μg mL-1 
 
0.23±0.02 
 
0.54±0.02 
 
0.23±0.02 
 
0.27±0.02 
Specific amount of released 
silver ions, μg/cm2  
 
0.58±0.04 
 
1.36±0.09 
 
0.58±0.04 
 
0.68±0.04 
Percentage of release silver 
ions divided by the total 
silver amount on the Ti, % 
 
1.2 
 
2.8 
 
1.2 
 
1.4 
The SEM of the samples surfaces after immersion test for 24h has not revealed 
any structural changes (Figure 4.5). Considering the fact that no coating 
delamination on the surface of the tested samples was observed, it is assumed 
that the silver released into the buffers is ionized. It was detected that after 7 
days, the HA film dissolved completely in acetate buffer but in the phosphate 
buffer a precipitated layer of salts on the coating surface was detected which we 
suppose reduced the release of silver. It should be noticed here that within the 
dissolution tests the samples were laying down in the experimental tubes and 
were washed in distilled water after immersion every time. It was revealed that 
in case when the coating were dissolved, AgNPs remained on the surface. We 
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believe that an electrostatic force plays a role in this case, due to the fact that 
AgNPs during synthesis were stabilized by PVP. 
 
Figure 4.5. The SEM images of the surface of the studied samples after the immersion 
test for 24h in phosphate (a) and acetate solution (b). 
The results of AAS showed that the concentration of silver went out from the 
composites after 24h immersion test was of 0.23±0.02 μgmL -1 in both acetate 
and phosphate buffers. After seven days of incubation, the concentration of 
silver in the acetate buffer increases more rapidly than in the phosphate buffer, 
the cumulative amount of silver ions in the 10 mL of solution was measured to 
be 0.54±0.02 and 0.27±0.02 μgmL-1, respectively. Greulich et al. reported that 
the minimum inhibitory concentration of silver ions to protect against E. coli is 
approximately 0.5 ̶ 2.5 ppm [17]. This result suggests that for the phosphate 
buffer, the cumulative concentration of silver is below the proposed cytotoxic 
level, whereas for the acetate solution, the silver content is estimated to be on 
the edge of the cytotoxic level. As confirmed by Necula et al., the silver ion 
release is influenced by the immersion medium and the experimental conditions. 
This is noted because of clear distinctions observed when testing AgNPs 
suspended in a cultured media and AgNPs incorporated/attached to a solid 
substrate [18]. A number of studies have described the antibacterial effect of 
silver-incorporated materials against different bacterial strains which is 
comparable to the amount of silver released in our experiment. For example, a 
longer antibacterial activity was noticed in specimens containing titanium 
nanotubes loaded with silver nanoparticles over a month assay period, as 
reported by Cheng et al. [19]. The initial amount of released silver during that 
experiment was approximately 0.2 μgmL -1 and diminished gradually as the 
immersion time increased. Comparable results for the bactericidal activity of the 
samples covered with silver nanoparticles have been reported by Zhao L. et al. 
[20]. The antibacterial ability has been shown to decrease over the first days of 
incubation when the silver concentration was on the order of 0.1 –0.5 μgmL-1, 
in accordance with the silver release test [20]. However, disruptions in the living 
cell behavior were detected in the aforementioned studies [19-21]. Thus, such 
an effect may be due to the direct contact of the organisms with the silver-
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bearing surface, rather than the silver being released in the osteogenic medium. 
Other experimental results have shown that biomaterials containing a 
proper amount of silver are compatible in mammalian cells including 
osteoblasts [22-24], and enhance osteoblast proliferation [25, 26], fibroblast 
attachment and endothelial cell response [27]. Therefore, controlling the dosage 
of AgNPs in order to provide the therapeutic effect are still challenging task. 
The silver ion release chemistry is a fundamental issue. At first site, it was 
considered that the amount of AgNPs in the biocomposite might influence the 
amount of released silver ions. Recently a study of the research on the 
immobilisation of AgNPs and HA on SS316L with polydopamine intermediate 
layer was published. The authors showed that the increase of the initial amount 
of AgNPs on the functionalised surface leads to increase of the Ag ion release 
out of the biocomposite [28, 29]. Due to the fact that release of soluble silver is 
determined by oxidation reaction involving dissolved oxygen [30] and this 
process depends on the amount of solution uptake, we assume that degradability 
of the HA coating which is determined by the structure of the film, likely might 
influence on Ag ion release. Films deposited via magnetron sputtering at room 
temperature were reported to be semi-crystalline with nanometer crystals 
embedded in an amorphous matrix [31-33]. Surmeneva M.A. et al. observed that 
the HA coatings consist of mixture of amorphous regions and nanocrystalline 
columns growing perpendicular to the substrate plane [31]. As far as the 
degradation behavior of the HA film in body fluids was evaluated to be a 
concurrent dissolution/precipitation process [34], we assume that degradability 
of the amorphous regions of the HA coating as a rapidly dissolving fraction 
ultimately may control the silver ion release. However, according to the XRD 
results obtained in this study the presence of the amorphous phase in the coating 
is not evident. In the case of crystalline coating, the release of the silver ions out 
of the composite can be explained by the grain boundary transport effect. Grain 
boundaries is known to represent fast diffusivities paths, depending on their 
configuration and energy [35,36]. 
So, we suggest that controlled ion release can be achieved by turning the 
microstructural features of HA coating and by fabrication of multilayer 
composites. These strategies are considered as the further approach to control 
the resorbability of the biocomposite and the dosage of the released silver ions. 
This may be a key to achieving a therapeutical window to ensure sufficient 
antibacterial efficacy, while maintaining very limited or no biocomposite 
cytotoxicity. 
Summary 
In this chapter, we described fabrication techniques designed to prepare a 
multifunctional biocomposite based on wet chemically synthesized AgNPs and 
RF magnetron sputter deposited HA coatings. The estimated release of silver 
ions from the biocomposite in acetate and phosphate buffers over a seven-day 
immersion period was 0.54±0.02 μgmL-1 and 0.27±0.02 μgmL-1, respectively, 
which may be suitable to achieve an antibacterial effect. The bactericidal 
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efficacy of the Ag ions at very low concentrations and with a relatively large 
reservoir provided by the depot-like structure can provide a long-term 
antibacterial effect. The proposed approach will allow a flexible control over the 
rate of silver ion release by adjusting HA coating structure. It is expected that 
the biocompatibility of the AgNPs/HA biocomposite can be varied in a tailored 
manner. 
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5 Characterization of the 
hydroxyapatite coatings 
deposited in Ar and 
Ar+10%H2O 
atmospheres  5 
 
A well-known feature of magnetron sputtering is its non-uniform spatial plasma 
distribution which is to a large extend defined by the magnet configuration [1]. 
The plasma density is maximal where the magnetic field lines are parallel to the 
cathode surface, and defines in this way the position of the target erosion zone 
or the racetrack. Previous studies reported that the film properties 
can be influenced by the substrate position with respect to the target erosion 
zone [2-7]. In these papers, it is pointed out that during RF magnetron sputtering 
the high plasma density in front of the substrate causes changes in the film 
properties due to the energetic ion bombardment of the growing film, especially 
in the region where there is a high ion-to-atom (Ji/Ja) flux ratio [8]. In the case 
of HA coatings, besides the effect of plasma exposure during thin film growth, 
the presence of OH radicals in the deposition environment determines the 
composition, the microstructure and the film texture [9-11]. 
In this Chapter these two effects will be addressed. Hence, the research focuses 
on the influence of the plasma distribution and on the influence of water addition 
during thin film deposition on the HA coating characteristics such as thickness, 
composition, grain size, and lattice parameter. The film thickness profile on the 
substrate holder modelled by a Monte Carlo code will be compared with the 
experimental data. The process parameters and the geometry of the deposition 
used in the applied vacuum chamber are given in paragraph 2.1. (Figure 2.3, 
Table 2.1). 
5.1 Deposition profile of HA thin films deposited in Ar and 
Ar+10%H2O atmosphere 
Growth rate and density of HA thin films: experimental results 
The film thickness of several HA coatings deposited on silicon substrates was 
evaluated by ellipsometry (see Chapter 2 for a description). Based on the 
deposition time, the experimental growth rate was calculated. The dependence 
of the experimental growth rate (re) on the substrate position relative to the 
substrate holder centre is shown in Figure 5.1. The analysis shows that the 
growth rate in both experiments radially decreases from the centre towards the 
edge of the substrate holder. In pure argon, the growth rate is maximal 
(2.7 nm/min) at the centre of the substrate holder. When water is added to the 
atmosphere, the growth rate at the centre of the substrate holder decreases to 
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1.3 nm/min. Further, as can be concluded from Figure 5.1, the film thickness 
distribution becomes more uniform in the latter case. Indeed, the slope of the 
fitted line for Ar+10%H2O-experiment data, as determined from least squares 
linear regression analysis, has a more positive value (-0.006 nm/(min.mm)) in 
comparison with the slope for the Ar-experiment (-0.021 nm/(min.mm)).  
 
Figure 5.1. Deposition rate calculated from the measured film thickness of the HA thin 
films and the deposition time on different locations on the substrate holder. Experiments 
performed in a pure Ar atmosphere are indicated with full triangles (▼) while for the 
experiments performed in Ar+10%H2O full squares (■) are used. The vertical lines (Rin, 
Rc and Rout) refer to the position of the target erosion zone. The inner radius is indicated 
by Rin, the central radius by Rc and the outer radius by Rout. 
The decrease of the deposition rate due to water addition can have many causes. 
Important in this context is formation of ions (such as О2+, H2O2+, O+, and OH+) 
and of radicals by electron collision with water molecules [12]. As these ions 
and reactive species interact with the target, the target surface condition can be 
altered, a process known as target poisoning. Although the target consists of 
HA, preferential sputtering, ion implantation and chemisorption could result in 
a surface compound with a lower sputtering yield. For example, R. Astala and 
M. J. Stott considered water adsorption on HA surfaces and showed that HA 
reacts strongly with water. Moreover, it was reported that by contact with water 
surface Ca ions are favourably exchanged for H which results in a drop in the 
Ca/P ratio [13].  
Another effect which will indirectly affect the deposition rate, as discussed 
in [14], is a change of the plasma impedance. Elastic and inelastic collisions 
with water will result in its dissociation and excitation. As water is a molecule, 
more inelastic collisions are possible as compared to argon. Hence, the effective 
ionization energy will be higher because the energy lost due to these inelastic 
collisions cannot be used for gas ionisation [15]. This can induce a higher bias 
voltage, and as consequence, a lower ion current towards the target, and a 
reduction of the sputter rate. The higher bias voltage however will result in a 
higher sputter yield. Moreover, the energy transfer of the mentioned water 
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related ions to HA is higher as compared to argon, although the effect is small. 
Indeed, the energy transfer can be calculated from 
𝛾 =  
4(𝑀1𝑀2)
(𝑀1+𝑀2)
2   (5.1) 
where M1 and M2 are the masses of bombarding ion and target material, 
respectively. Taking the average atomic mass for HA of 22.8 a.m.u., the energy 
transfer factor for O ions is of 0.97 and for Ar-ions is of 0.93. Considering also 
the low H2O concentration used it can safely be assumed that the expected 
increase in sputter yield will not compensate the decrease in ion current density. 
Together with a possible change of the target surface condition (see previous 
paragraph) this can explain a decrease of the deposition rate when water is added 
to the plasma. A discussion on the radial dependency of the deposition rate will 
be given further in this chapter. 
Ellipsometry was also used to determine the refractive index of the deposited 
HA coatings on silicon substrates. HA is an optically anisotropic material 
(birefringent), and is hence characterized by two refractive indices. ne – is the 
extraordinary refractive index, nо – is the ordinary refractive index [16]. Light 
whose polarization is perpendicular to the optic axis is defined by a refractive 
index no. Light whose polarization is in the direction of the optic axis is 
characterized by the optical index ne. The refractive index (n) of HA coatings, 
according to the results of the ellipsometry, was measured to vary in the interval 
of 1.40 – 1.78, which is slightly different from bulk HA. According to the 
literature, apatite is characterized by ne = 1.633 – 1.653. For nо values between 
1.629 and 1.658 are reported, or stated differently ne – nо = 0.003 – 0.005. For 
the HA coatings a similar (ne – nо) value of 0.007, was found. It is well-known 
that the refractive index depends mainly on the type of the chemical bonds in 
the material [17]. The difference between the refractive index for the deposited 
coatings and bulk HA may therefore indicate a certain degree of defectiveness 
of the HA thin films, which causes optical non-uniformities. Earlier studies 
confirm this reasoning [18]. It was shown that for coatings of various 
compositions obtained by RF magnetron sputter deposition at low temperature, 
a nanocrystalline, highly dispersive film structure was obtained, which can 
explain the slightly increased value for the measured refractive index as 
compared to bulk material [18]. 
If we suppose single-phase coatings, the relative packing density of the films (q) 
can be determined from the refractive index. The relative packing density is 
connected to the refractive index of the bulk material and the film [19, 20]: 
𝑞 =
(𝑛f
2−1)(𝑛b
2+2)
(𝑛f
2+2)(𝑛b
2−1)
,  (5.2) 
where 𝑛𝑓 is refractive index of the film, 𝑛𝑏 – is refractive index of the bulk HA. 
Figure 5.2a shows a typical example of the dispersion curve of a deposited 
coating. The value of 𝑛𝑓 at the wavelength of 638 nm was used in equation (5.2). 
For nb a value of 1.641 was used as reported in [21]. The film thickness of the 
used samples varied between 200 and 650 nm. It was found that the packing 
density of the majority of sputter deposited films was around 100% 
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(Figure 5.2 b), although a slight decrease was noticed for the samples located 
far from the substrate holder center. This reduction in film density can probably 
be explained by the expected lower momentum transfer towards the growing 
film at the rim of the plasma zone. 
 
Figure 5.2. (a) The dispersion curve, i.e. the refractive index as a function of the 
wavelength of the incident light, for a HA coating deposited for 480 min in Ar+10%H2O. 
The samples was located in the center of the substrate holder (b) and the calculated 
packing density based on equation (3.2) for samples located at different position on the 
substrate holder, Ar atmosphere (○) and Ar+10%H2O atmosphere (□). 
The density of HA coatings deposited by sputtering in an Ar atmosphere was 
also studied by XRR. The XRR scans, arranged in order of increasing distance 
from the centre of the substrate holder to the sample position, are displayed in 
Figure 5.3.  
 
Figure 5.3. XRR curves of the HA coating deposited in Ar atmosphere. The results for 
the sample located at different position on the substrate holder are presented (1 – 5 mm, 
2 – 20 mm, 3 – 40 mm, 4 – 50 mm, 5 – 70 mm). Θс – the critical angle of the total X-ray 
reflection. 
As the critical angle is related to the film density, it is clear from the 
measurement that film density of the deposited coatings are equal to each other, 
considering the error on the measurements. A reasonable good fit of the 
experimental curves shown in Figure 5.3 with the program Paratt32 [22] allows 
to state that the film densities (3.15 – 3.33 g/cm3) are comparable with the bulk 
density of HA [23]. Obtained data are consistent with the results of the 
ellipsometry. So, the density of the HA coating deposited under the applied 
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process conditions is more or less independent from the position of the samples 
on the substrate holder as well as from the addition of water vapour into the gas 
working atmosphere. 
Comparison of results of the modeling and experimental data 
To better understand the deposition rate along the substrate (see Figure 5.1) the 
simulation software SIMTRA (Simulation of Metal TRAnsport) initially 
developed by K. Van Aeken et al. was used [24] to calculate the deposition 
profile on the substrate. The program is based on a Monte Carlo formalism 
which is a statistical method that allows one to link a physical value to a random 
number. An advantage of the Monte Carlo method compared to others is the 
ability to study the particle transfer in complex geometrical conditions without 
the need to significantly simplify the calculating algorithm. The model is based 
on the mathematical description of collisional transport through plasma of 
individual atoms generated with initial characteristics such as position, energy 
and direction sampled from given distribution functions. The computation 
algorithm of the SIMTRA program is presented in Figure 5.4. 
 
Figure 5.4. Algorithm of the Monte Carlo model SIMTRA, showing the main steps in the 
calculation of the deposition profile [25]. 
The initial coordinates of the generated particles are defined by the boundaries 
of the target erosion zone, whose profile is described in the form of a normal 
Gaussian distribution [26]: 
𝑃(𝑅) =
1
𝜎√2𝜋
𝑒
−(𝑅−𝜇)2
2𝜎2 ,   (5.3) 
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where µ is the average radius of the target erosion zone (Rc), and the standard 
deviation from the normal distribution 3σ is considered to be a half of the zone’s 
width ½ (Rout – Rin). 
The Gaussian distribution reflects the atom ejection probability as a function of 
the distance R from the target centre. The radial angle ρ is randomly chosen in 
the range between 0 to 2π. Inasmuch as the sputter rate of the target material is 
proportional to the current density, it is possible to conclude that the erosion 
profile of target due to sputtering is an approximation of the ion current density 
distribution on the target. 
 
Figure 5.5. A screenshot of the interface of SIMTRA with geometrical description of the 
vacuum chamber applied for the HA coatings deposition: 1 – the vacuum chamber, 2 – 
the substrate holder, 3 – the samples, 4 – the substrate, 5 – the target sputtered surface. 
The energy of the bombarding ions is determined by the value of 
target potential (Ut). It is general accepted to set the energy of the Ar ions equal 
to (0.7 ± 0.2) eUt. In a first approximation the initial energy spectrum of 
sputtered atoms is described in accordance with the Sigmund-Thompson 
model [27]. The angular distribution of the sputtered particles, according to the 
latter theory, is described by a cosine function. According to this theory, the 
maximum in the energy distribution of sputtered particles correspond to a half 
value of the target material surface binding energy (Us) and does not have 
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angular dependence. The surface binding energy of the target atoms is 
considered equal to the sublimation energy. Modelling starts with the release of 
an atom from the target, based on the random selection from the appropriate 
distributions. 
The following assumptions are accepted in the model [26]: 
The trajectory of sputtered particles are determined by elastic collisions with 
atoms of the gas. Inelastic interactions with charged components of the plasma 
are not taken into account. 
In the model, neutral atoms sputter and reach the substrate; the presence of 
multi-atomic compounds in the plasma is not taken into consideration. 
The distribution of the working gas and its temperature are considered 
homogenous at every point in the chamber. 
The program makes it possible to describe the configuration of the vacuum 
chamber. The user interface allows to change the modelling details in a flexible 
way. Images of the program interface with the desired input parameters and a 
geometric description of the setup are presented in Figure 5.5. Cylindrical 
substrates with the same dimensions (S = 4 cm2) as the samples used in the 
experiment were radially placed on the substrate holder. 
Other important parameters are the surface binding energy of the atoms Us 
(Ca = 4 eV, P = 4 eV [28]), the discharge voltage (Ut = 100 V [28]), the gas 
pressure (Ar, P = 0.4 Pa), the gas temperature (T = 300 K). The number of 
superparticles followed during the simulation was set at 107. As the program can 
only follow one type of atoms, two consecutive runs were performed, i.e. one 
for Ca and a second one for P. Figure 5.6 illustrates simulated distribution curves 
of the Ca and P atoms that arrive at the substrate. Both profiles are very similar 
which is understandable from the low pressure-distance product which means 
that the number of scattering events is very low. The mean number of collisions 
occurring during transport of Ca and P from the target to the substrate according 
SIMTRA simulations is indeed only 3.5 and 3.4, respectively. The similarity 
between the Ca and P profile allows to assume that the theoretical deposition 
profile coincides with these profiles. 
There is a strong difference between the simulated and experimental profiles. 
As it is shown in Figure 5.1 the experimentally measured deposition rate 
gradually decreases with the distance from the centre of the substrate holder 
while the theoretical profile has a maximum in the middle of the target erosion 
zone. This difference in behaviour cannot be explained from a difference in film 
density. Indeed, as shown in the previous paragraph, the packing density does 
not depend on the position on the substrate holder. Earlier it was supposed that 
the experimental thickness distribution is caused by scattering events [29]. 
However, the model results clearly disproof this statement. 
As discussed in the introduction of this chapter, during RF magnetron sputtering 
the dense plasma interacts strongly with the substrate [30] which causes an 
intense ion bombardment of the growing coating. Therefore, the most likely 
reason for the difference between the experimental and modelled deposition 
profiles is re-sputtering. Indeed, positive ions [31], neutral particles [21], and 
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negative ions [31, 32] all alike may lead to bombardments of deposited thin 
films. The origin of the species responsible in the discussed experiments could 
be retrieved by mass spectrometry. However, this was not possible in the 
timeframe of the proposed work. However, argumentation can be given which 
excludes at least some species. 
 
Figure 5.6. The distribution curves of the sputtered atoms (Ca and P) obtained by 
SIMTRA. 
According to [8] and [31] positive ions impinging onto a floating substrate have 
in the case of RF magnetron sputtering, mainly an energy lower than 25 eV .The 
sputter yield of the atoms from solid target materials in the energy range below 
1 keV depends linearly on the energy of bombarding ions which is characterized 
by a sputter-threshold energy (Eth) [33]. The value of this threshold can be 
estimated from semi-empirical formula given by Yamamura (1.2). If a surface 
binding energy of Ca and P atoms in HA structure equal to 4 eV [28] is assumed, 
the energy threshold for sputtering of Ca and P by argon equals respectively 23 
and 27 eV [8]. Thus, positively charged Ar ions are not the main cause of the 
re-sputtering of the coating. 
Meanwhile, the positive ions generated at the target surface cannot escape 
because of the strong negative potential, and those positive ions in different 
regions of the plasma cannot be responsible for the re-sputtering of deposited 
film only in region under the target erosion zone. So, the decrease of the film 
growth rate with deposition under the racetrack should be ascribed to neutral 
particles and negative ions. Neutral atoms with high energy originate in a 
magnetron discharge by ion reflection at the cathode surface. However, as the 
mass of the constituent atoms in the HA target is smaller or similar to the mass 
of the argon atoms, the reflection probability is zero or small. Therefore, it seems 
that only negative ions can cause the re-sputtering of the deposited material, and 
hence influence the deposition rate. This is consistent with a literature overview. 
Indeed, a decrease in film deposition rate especially in the area of the target 
erosion zone is most often connected with bombardment of the surface by high 
energetic oxygen species (O-). These ions are generated at the target surface, are 
accelerated in the cathode dark space and move with a high energy 
perpendicular from the target towards the substrate surface [34, 35]. The authors 
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of the study [32] describe the effect of a local change in the growth rate of ZnO 
coating in the region of the target erosion zone which is connected with the 
sputtering of the coating with negatively charged ions. This not only affects the 
deposition rate but also influences the structure and functional properties of the 
film. Takayanagi et al. also reported that energetic negative ions likely arise 
from the erosion area of an oxide cathode [4]. 
In order to verify the hypothesis of coating re-sputtering with negative oxygen 
ions an experiment has been carried out where HA coating was deposited in an 
Ar atmosphere and samples was arranged under a steel plate with a size of 
20×100 mm2 (width × length) which was placed halfway between target and 
substrate. The steel plate played in this way the role of a mask, cutting off the 
flux of the high energetic oxygen ions. This experimental set-up was 
implemented in SIMTRA. A scheme of the configuration of the vacuum system 
applied and implemented into the program is depicted in Figure 5.7. It represents 
top view and side view of the vacuum chamber and arrangement of the target, 
the substrate holder, the mask and six samples underneath it. 
 
Figure 5.7. A scheme of the configuration of the vacuum system applied in the experiment 
with the mask and implemented into the SIMTRA: 1 – the substrate holder, 2 – the mask, 
3 – sputtered surface of the target. 
To compare the simulated deposition profile with the experimental one, the data 
were plotted (see Figure 5.8). The simulated distribution profile of Ca for 
experiments with and without the mask shows that the introduction of the mask 
leads to a drop of 50% in the amount of deposited material in the centre of the 
target erosion zone, while the experimental growth rate of the film in this region 
turned out to be the same for both cases. This behaviour can be explained as 
follows. From the SIMTRA simulation we expect a decrease in deposition rate 
as the mask blocks not only the expected negative ions, but also the sputtered 
atoms. The latter will also happen during the experiment. However, the 
experiments shows no change in the deposition rate which should in this context 
be interpreted as a net increase. This indicates that material is re-sputtered from 
the substrate.  
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Figure 5.8. (а) Experimental deposition rate of HA coating obtained by sputtering in Ar 
atmosphere. (b) The distribution curves of the sputtered atoms (Ca) obtained in SIMTRA, 
for experiments with the mask (■) and without the mask (▼). 
To summarize, the confrontation between the experiments and the simulations 
permits to estimate the effect of re-sputtering in a more quantitative way. 
Figure 5.1 shows the experimental deposition rate. As discussed above, the film 
density is quite uniform over the substrate table. Hence, the deposition rate gives 
the effective number of atoms that arrives on the substrates. The relative 
expected number of arriving atoms is calculated by the SIMTRA simulations. 
As such it is possible to estimate the relative etch rate of the substrates due to 
ion bombardment. The following procedure was used to calculate the relative 
etch rate. Both the experimental and the simulated deposition rate were 
normalized by the value obtained at the centre of the substrate (0 mm 
position on the substrate). The latter position was chosen as it can be expected 
that no re-sputtering occurs far from the plasma zone. The fraction of sputtered 
material at each substrate point is then defined as 
∆𝑞 = |
𝑟𝑒𝑥𝑝
𝑛 −𝑟𝑠𝑖𝑚
𝑛
𝑟𝑠𝑖𝑚
𝑛 |, (5.4) 
where 𝑟𝑒𝑥𝑝
𝑛  and 𝑟𝑠𝑖𝑚
𝑛  are the normalized experimental and simulated deposition 
rates. For reasons of convenience, the absolute value of the relative etch rate 
was taken. The results are summarized in Table 5.1. The results will be further 
discussed in the following paragraphs. 
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Table 5.1. Data of the numerical calculation of the amount of the re-sputtered film material under ion bombardment. 
R, mm 
 
 
 
 
Ar+10%H2O 
 
 
Ar 
 
re, 
nm/min 
rsim, #at 𝑟𝑒
𝑛 𝑟𝑠𝑖𝑚
𝑛  Δq re, 
nm/min 
rsim, #at 𝑟𝑒
𝑛 𝑟𝑠𝑖𝑚
𝑛  Δq 
0 1.2843 839 1 1 0 2.6201 839 1 1 0 
20 1.2193 906 0.949 1.080 0.121 2.4321 906 0.928 1.080 0.140 
30 1.1543 974 0.899 1.161 0.226 2.2441 974 0.856 1.161 0.262 
40 1.0893 1158 0.848 1.380 0.385 2.0561 1158 0.785 1.380 0.431 
50 1.0243 1427 0.798 1.701 0.531 1.8681 1427 0.713 1.701 0.581 
60 0.9593 1608 0.747 1.917 0.610 1.6801 1608 0.641 1.917 0.665 
70 0.8943 1862 0.696 2.219 0.686 1.4921 1862 0.569 2.219 0.743 
80 0.8293 1756 0.646 2.093 0.691 1.3041 1756 0.498 2.093 0.762 
90 0.7643 1550 0.595 1.847 0.678 1.1161 1550 0.426 1.847 0.769 
100 0.6343 916 0.494 1.092 0.548 0.7401 916 0.282 1.092 0.741 
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5.2 The Ca/P ratio 
The Ca/P ratio is a crucial parameter defining the properties of the 
biocompatible coatings. It was reported that the thermodynamic stability, 
reactivity, solubility and mechanical properties of calcium phosphates strongly 
depend on the Ca/P ratio [36-38]. The influence of the process parameters such 
RF-power, substrate bias, working gas pressure and configuration of the 
samples in the vacuum chamber on the composition and structure of the sputter 
deposited CaP coatings was studied by a number of researchers [18, 39, 40]. It 
is shown that the ratio of elements in the deposited coating may differ 
substantially from their ratio in the target [41]. 
The influence of ion bombardment on the Ca/P ratio 
Preferential sputtering of multicomponent targets leads to an altered surface 
layer as demonstrated by several authors [41-43]. The origin of this process is 
related to the differences in mass and surface binding energy of the constituent 
elements. According to the Andersen-Sigmund theory [44], the ratio of the 
sputter yields of two components is described by the equation (1.4). 
 
Figure 5.9. Ca/P ratio change in the HA coating and the target material with etching 
time by Ar ions during XPS depth profiling measurement as a function of the natural 
logarithm of time scale (min). 
There is no data in literature on the surface binding energy of Ca and P in the 
HA structure, and the values used before were crude approximations. Therefore, 
the Sigmund-Andersen theory cannot be applied to estimate preferential 
sputtering of HA. Due to this reason, the compositional change of HA surfaces 
has been studied by means of XPS after sputter bombardment by 1 to 4 keV 
argon ions. Two samples were studied. The first is the native target material 
pressed into a disk with a diameter of 15 mm. The second sample was a 
deposited coating during an Ar+10%H2O experiment. The sample was taken 
from the centre of the substrate holder. The target material was bombarded with 
4 keV Ar ions, while the HA coating was bombarded with 1 keV Ar. 
Despite the difference in initial concentration, and in ion energy, a clear increase 
of the Ca/P ratio is observed for both samples (Figure 5.9). Or stated differently, 
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P is preferentially sputtered from both samples. This is in agreement with 
previous studies [7, 45], that show an increase of the Ca/P ratio when a negative 
bias on the substrate during RF magnetron sputtering is applied. 
The Ca/P ratio seems quite sensitive to ion bombardment, and can be used to 
test our hypothesis that the difference between the experimental and simulated 
deposition rate is due to ion bombardment. In the next paragraph, the Ca/P ratio 
measured as a function of the position on the substrate will be investigated. 
Chemical composition and coating stoichiometry 
The composition and chemical states of the deposited coatings were analysed 
via XPS. The effect of sample charging on the measured binding energy 
positions was corrected by setting the lowest binding energy component of the 
C1s spectral envelope to 284.6 eV, i.e. the value generally accepted for 
adventitious carbon surface contamination. Photoelectron spectra were further 
processed by subtracting a linear background and using the peak area for the 
most intense spectral line of each of the detected elemental species to determine 
the % atomic concentration. Curve fitting of the high-resolution spectral regions 
was performed by using Casa-XPS [46].  
 
Figure 5.10. Survey scan (a) and high resolution spectra of C, Ca, O and P (b, c, d, e). 
Curve-fitting demonstrated significant similarities in the chemical bonding in 
case of all the studied films. Figure 5.10 shows a typical XPS survey scan and 
the fitting results of the high resolution regions. The binding energy values of 
the main XPS peaks obtained for the coatings deposited under the erosion zone 
and in the centre of the substrate holder in the experiments in an Ar atmosphere 
and an Ar+10%H2O atmosphere are presented in Table 5.2. The O1s region 
obtained for these coatings exhibited two clear components, occurring in 
531.3 eV and 532.2 eV, which indicate the presence of hydrogen phosphate 
groups [47, 48]. The analysis of the Ca2p region indicated a well resolved 
doublet consists of the Ca2p3/2 and Ca2p1/2 peaks located at approximately 
347.6 and 351.1 eV and separated by 3.5 eV, with a relative intensity ratio 2:1. 
These binding energies are typical for Ca2+ in a phosphate environment. The 
P2p region could be fitted with a doublet, which corresponds to P2p3/2 and 
P2p1/2 with a typical multiplet splitting of 0.2 eV. No clear trends could be 
found between the deposition conditions and the peak positions of O1s, P2p and 
Characterization of the hydroxyapatite coatings deposited in Ar and Ar+10%H2O 
atmospheres 
-84- 
Ca2p. These data indicate that deposited coatings are indeed consistent with the 
chemical structure of HA. The relative chemical composition of the samples is 
presented in Table 5.3. 
Table 5.2 – Binding energy of the main XPS peaks of studied HA coatings [eV] 
using C1s (284.6 eV) as reference. 
Experiment Sample position O1s Ca2p3/2 Ca2p1/2 P1s 
     
Ar+10%H2O 
center of the 
substrate holder 531.3 347.2 351.1 133.5 
 erosion zone 531.2 347.3 350.8 133.5 
Ar 
center of the 
substrate holder 531.2 347.1 350.6 133.3 
 erosion zone 531.5 347.3 350.8 133.4 
 
Table 5.3 – The relative chemical composition of the HA coatings obtained by 
XPS measurement in comparison with the stoichiometric HA. 
Experiment 
Sample 
position C1s O1s Ca2p P1s Ca/P 
HА (Ca10(PO4)6(OH)2)   2.60 1.00 0.60 1.67 
Ar+10%H2O 
center of the 
substrate 
holder 2.14 2.54 1.00 0.65 1.54 
 erosion zone 2.09 2.67 1.00 0.60 1.68 
Ar 
center of the 
substrate 
holder 3.25 2.71 1.00 0.65 1.54 
 erosion zone 2.89 2.59 1.00 0.60 1.67 
The dependence of the Ca/P ratio on the position of the substrate relative to the 
target erosion zone is shown in Figure 5.11. A similar trend was observed for 
the coatings deposited in Ar and Ar+10%H2O atmospheres. The Ca/P ratio 
varies within the range of 1.53–1.70, and first increases with the distance from 
the centre of the substrate holder. The Ca/P ratio has a maximum value under 
the target erosion zone, and finally decreases again. 
Based on the study with the XPS depth profiling (see previous paragraph) which 
showed an increase of the Ca/P ratio with ion bombardment, we can expect a 
stronger ion bombardment under the most intense plasma region. The observed 
trend as a function of the position on the substrate is indeed consistent with the 
calculated etch rate (see table 5.1). The Ca/P ratio obtained by XPS study of the 
HA coatings deposited on corresponding positions on the substrate in both Ar 
and Ar+10%Н2O atmospheres were plotted versus the fraction of sputtered 
material at each substrate point (∆𝑞𝑖) presented in Table 5.1 (Figure 5.12 a). The 
linear correlation seems to confirm our hypothesis that phosphorus can be 
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preferential sputtered from the coating surface due to bombardment with 
negatively charged oxygen ions. 
Taking the Ca/P as a measure of ion bombardment and the experimental 
deposition rate as a measure of the atomic flux arriving at the substrate, the ratio 
between these two values at each substrate position gives an estimation of the 
ion/atom ratio change along the substrate holder for the both experiments. The 
latter is depicted on Figure 5.12 b, which indicates that addition of water into 
the working gas atmosphere increase intensity of ion bombardment of growing 
film and may cause changes of the coating features. 
 
Figure 5.11. Ca/P ratio in relation to the samples position relative to the substrate centre. 
The results of the study of HA coatings deposited in Ar atmosphere (○) and in 
Ar+10%H2O atmosphere (▲) are presented. Deposition conditions: RF-power – 500 W, 
gas pressure – 0.4 Pa, “target – substrate” distance – 43 mm. 
 
Figure 5.12. Ca/P ratio as a function of the amount of the re-sputtered coating material 
by ion bombardment (a). Radial change of Ji/Ja ratio along the substrate holder in the 
Ar+10%H2O and Ar experiments estimated by dividing Ca/P ratio on experimental 
deposition rate (b). 
5.3 Phase composition and structure of the coatings 
Structural and phase characteristics of the deposited coatings have been 
evaluated by using X-ray diffraction. The XRD data obtained from the HA 
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coatings deposited in a pure argon and an Ar+10%H2O atmosphere and at 
different positions on the substrate holder are shown in Figure 5.13. 
All lines in the X-ray diffraction spectra, independent of the process conditions, 
correspond to hexagonal HA (ICDD card file #09-0432) and titanium, the used 
substrate #44-1294). However, variations of the intensity distribution of 
diffraction peaks of the HA thin films have been observed which indicate 
different film texture. 
 
Figure 5.13. XRD patterns of the HA thin films deposited at different sample positions 
on the substrate holder in the Ar+10%H2O (a) and Ar (b) atmospheres. The dashed 
vertical lines represent the HA patterns, symbol (*) – titanium pattern in accordance 
with ICDD data base. 
From the intensity data, the preferred orientation of the crystallites in the thin 
films was evaluated by the texture coefficient (TChkl) according to the 
formula (2.5). The dependence of the texture coefficient of HA coatings on the 
location of the samples relative to the target racetrack is graphically 
demonstrated in Figure 5.14. 
 
Figure 5.14. Texture coefficient variations of the (002), (300), (112) and (211) planes as 
a function of sample position relative to the target racetrack for the HA coatings 
deposited in Ar+10%H2O (a) and Ar (b) atmospheres. 
For the coatings at the centre of the substrate formed in the Ar+10%H2O 
atmosphere larger values of integral intensity of the diffraction peak from (002) 
plan are noted, which speaks to the presence of a preferential orientation of 
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crystals with planes (002) parallel to the substrate surface. While the samples 
approach the target erosion zone the texture of the films change from (002) to 
(300). This behaviour is not noticed for the film deposited without water 
addition where only relative slight changes in the texture coefficients are 
observed.  
For the coatings formed in an Ar atmosphere (Figure 5.14 b) a maximum value 
for intensity of (002) planes is observed. For a coating deposited in the center 
of the substrate holder, the highest intensity of diffraction lines correspond to 
the reflection from the (002) and (112) peaks, which may be characterized as a 
mixed texture. Integral intensity values of (002) diffraction line of these coatings 
are lower in comparison with the coatings deposited in H2O-containing 
atmosphere, which were formed in the same positions. The texture coefficient 
decrease occurs when the films grow on the substrate under the target erosion 
zone.  
 
Figure 5.15. Plot of the relative intensity versus coating thickness deposited in the 
substrate centre and at the rim within the target racetrack in the Ar+10%H2O 
atmosphere. 
Texture is typically originates from the coating growth mechanism and can 
depend on the film thickness. The latter was not considered in the analysis 
above. As was demonstrated earlier, the thickness of the HA coating radially 
decreases upon removal of the sample away from the centre of the substrate 
holder. Therefore, in order to exclude the possibility that the observed difference 
in the orientation of the HA coating deposited in the Ar+10%H2O atmosphere 
is an effect of the film’s thickness, films deposited under the same conditions, 
but with different deposition times, were studied. The thickness of the analysed 
samples varied within a range of 100 – 650 nm. The analysed samples were 
subdivided into two groups, i.e. samples that were positioned close to the centre 
of the substrate holder and samples that were located at the rim of the substrate 
table. From the dependence of a relative intensity (I300/(I300+ I002)) from the 
coating thickness depicted on Figure 5.15 it is reasonable to conclude that the 
change of the film texture as function of the substrate position from (002) to 
(300) is clearly not related to the changing film thickness. Indeed, in one 
deposition run, the films at the rim are thinner as compared to the centre of the 
substrate holder. Hence, if a overgrowth mechanism would define the film 
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texture, thicker films could have a different texture as compared to thinner films. 
This is clearly not the case in the present experiment. 
The influence of the substrate holder movement on the properties of the HA 
coating  
Control over the uniformity of thin film properties is a challenging task when 
RF magnetron sputtering of the multicomponent target is used. Therefore, both 
substrate rotation and movement were foreseen in the experimental setup during 
Ar+10%H2O experiment. Nevertheless, the results obtained clearly show that 
the properties of HA coatings deposited using RF magnetron sputtering depends 
on the sample position on the substrate holder. To understand this behaviour 
even better, the substrate movement is studied in more detail. The coordinates 
of the substrate as a function of time should be described. A schematic 
representation of the deposition geometry is shown in Figure 5.16. As it is 
mentioned in Chapter 2 in addition to rotation of the substrate table, the centre 
of the table moves along an arc. 
 
 
Figure 5.16. Schematic representation of the geometry of the substrate holder motion.  
The combination of both movements leads to a description of the substrate 
motion. Indeed, the displacement of the centre of the substrate table is given by 
the following equations: 
𝑥𝑎𝑟𝑐 = 𝑅 cos(𝛽 +
𝛼
2
sin
2𝜋𝑡
𝑇𝑎𝑟𝑐
) − 𝑅 cos 𝛽, (5.5) 
𝑦𝑎𝑟𝑐 = 𝑅 sin(𝛽 +
𝛼
2
sin
2𝜋𝑡
𝑇𝑎𝑟𝑐
) − 𝑅 sin 𝛽,  (5.6) 
where R is the radius and  the angle of the arc motion. 
The rotation of the sample is given by the following: 
𝑥𝑐 = 𝑟 cos
2𝜋𝑡
𝑇𝑐
, (5.7) 
𝑦𝑐 = 𝑟 sin
2𝜋𝑡
𝑇𝑐
, (5.8) 
where r is the distance between the substrate point and substrate centre.  
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Therefore, the complete substrate motion is defined by the combination of 
movements: 
𝑥 = 𝑥𝑎𝑟𝑐 + 𝑥𝑐 , (5.9) 
𝑦 = 𝑦𝑎𝑟𝑐 + 𝑦𝑐, (5.10) 
The distance between the substrate centre and any point on the substrate during 
displacement is obtained by the following: 
𝑃 = √𝑥2 + y2. (5.11) 
These relations allow us to calculate the path travelled by a sample as a function 
of time. As the position of the racetrack is known, the percentage of the period 
a sample remains under the racetrack can be calculated. This is shown in 
Figure 5.17 a. 
 
Figure 5.17. The relation between the sample position on the substrate holder (a), the 
packing density (b), the texture coefficient evolution (c) and the Ca/P ratio (d) as 
functions of the time in the racetrack per period. 
By plotting the measured properties of the samples not as a function of the 
substrate position but as a function of percentage of the period the sample 
remains within the racetrack, a more clear understanding can be obtained. No 
relation between the packing density of the HA coatings was observed 
(Figure 5.17 b). More interestingly, the Ca/P ratios for the HA coatings were 
greater when a sample spent a longer amount of time under the racetrack. The 
plot of the texture coefficient of the (002) and (300) planes versus time that a 
sample spent within the racetrack per motion period clearly shows that the out-
of-plane preferential orientation of the HA coatings was also influenced by the 
plasma exposure. So, the variation of the time that the samples spend within the 
racetrack presents a potential route to tailor the properties of RF magnetron 
sputter deposited HA coatings.  
As it was determined earlier by Surmeneva et al the HA coatings obtained by 
RF magnetron sputtering with negative bias on the substrate possess a decrease 
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of the (002) texture [18]. In this way, under the ion bombardment suppression 
of the primary growth of crystallite planes occurs, which agrees with the results 
obtained in this study. 
The residual stresses state of the HA coatings 
For the X-ray diffractograms, it is noted that the peak positions corresponding 
to the reflection of HA phase are shifted as compared to the peak positions of 
the bulk HA powder. This behavior is commonly observed for physical vapor 
deposited thin films and is attributed to the presence of intrinsic strain. 
 
Figure 5.18. Plot of the strain change of the (002) (a) and (300) (b) plans of the HA 
coatings deposited in the atmospheres of Ar (∎) and Ar+10%H2O (▲). 
From the observed shift, the value of the strain was estimated by the change in 
the Bragg angles of the (002) and (300) peaks, which correspond to the change 
in the interplanar spacing along the c-axis and a-axis of the HA structure in the 
film (d) relatively to the lattice spacing of the HA powder (d0) (Figure 5.18). In 
the most cases a shift toward lower angles is observed indicating that the out-
of-plane lattice spacing is increased which is attributed to compressive 
contribution. Indeed, the compressive stress will increase the lattice spacing 
normal to substrate which corresponds with a decrease of the Bragg angles. An 
exception is the coating deposited in the centre of the substrate holder in the 
Ar+10%H2O-experiment. A slight decrease in the d-spacing can be seen which 
speaks for tensile contribution.  
Several mechanisms can induce stress in the thin film. In some cases, the origin 
of the strain condition in thin films can be correlated to ion or energetic neutral 
bombardment, a process known as atomic peening. Alternatively, a 
stoichiometric imbalance of the film composition could also induce the presence 
of the strain [49, 50]. Another possible reason is the difference between the 
thermal expansion coefficients of the substrate material and the coating. In the 
following paragraphs the experimental results will be confronted with these 
mechanisms. 
The magnitude of residual thermal stress can be estimated with the formula [51]: 
𝜎𝑇 =  
𝐸𝑓
1−𝑣𝑓
(𝛼𝑓 − 𝛼𝑠)(𝑇𝐷 − 𝑇𝑀), (5.12) 
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where Ef is the elastic modulus of the film; vf  is the film Poisson ratio; αs, αf are 
the thermal expansion coefficients (CTE) of coating and substrate material, 
respectively; TD is the deposition temperature, TМ is the investigation 
temperature. Inasmuch as the CTE of the HA coating (αf = 14.6 10-6/С°) is larger 
than the CTE of the titanium substrate (αs= 8.6·10-6/С°) [52], the change in 
temperature during sample cooling after deposition should lead to the 
development of a tensile stress with a value of σT = 249.3 MPa, accepting 
Ef =108 GPa, vf = 0.28 for HA [53]. As a compressive strain is observed in the 
HA films, thermal stress cannot be solely mechanism. As discussed above, the 
HA thin films are subject to negative ion bombardment. So, it is quite reasonable 
to conclude that the intrinsic strain in the HA coatings can be associated to this 
ion bombardment during thin film growth. However, we should realize that the 
observed trends can be influenced by a counteraction of the thermal stress. 
Concerning the ion induced stress, a few statements can be made. The stress in 
thin films, grown at relatively low temperatures, is mainly a consequence of the 
defects induced in the crystalline structure that leads to lattice deformations [54]. 
Therefore, with an increase of ion energy arriving at a condensation surface the 
generation of defects such as point defects and lattice dislocations is induced. 
However, the higher ion energy may lead to the relaxation of the defects as 
stated in reference [55]. The same effect can be induced by the collision cascade 
occurring in the coating due to ion bombardment and leading to annihilation of 
the defects. In the present experiments, we can expect that the negative ion 
energy is similar for both experimental conditions. Hence, the difference 
between the experiments in Ar and Ar+10%H2O cannot be explained in this 
way. However, also the ion current density, relative to the flux of the atoms 
contributing to the film growth, will be of importance. Thus, a possible 
determining factor for the difference in the magnitude of the internal stress in 
the samples deposited in the Ar+10%H2O and Ar experiments, may be the 
higher estimated Ji/Ja ratio (Figure 5.12 b) in the first case. The higher ion 
current density promotes relaxation effects resulting in a low strain value. At the 
same time the observed strain trend for the coating deposited in Ar+10%H2O-
experiment follows the Ji/Ja ratio change over the substrate.  
Nevertheless, it is hard to comprehend the strain behaviour over the substrate 
holder for both conducted experiments from the plots given on Figure 5.18. 
Regression statistical analysis showed that in the case of the Ar experiment the 
slopes are only marginally significant. As in the case of the Ar+10%H2O 
experiment the data is not uniformly distributed, two points with the lowest 
strain, which can be taken as one point, determine the observed slope. So, we 
cannot make strong conclusions from the latter. The origin of this behaviour can 
be caused by the counteraction of the thermal stress. However, we should also 
consider the mechanical anisotropy of HA crystals with a hexagonal structure 
[56-60]. Literature research shows a clear difference between elastic moduli of 
c-axis and a-axis oriented HA single crystals varying between 7–27% depending 
on the preparation technique and indentation load applied within 
nanoindentation test [59, 60]. It is proposed that the higher stiffness of the (001) 
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type planes is induced by its closed packed nature [59]. Hence, the effect of the 
same stress will be stronger for the (300) oriented HA crystals as compared to 
the (002) oriented one. Therefore, we should consider that the observed strain 
condition for the studied coatings are also influenced by the preferential 
orientation of the films. As it is shown in Figure 5.14 the film texture changes 
from (002) to (300) over the substrate. This means that for film located at small 
values of R, the (300) grains are probably randomly oriented. If a biaxial stress 
is applied on this film, the effect will be small in the out-of-plane orientation 
which is measured by XRD. Within (300) texture increase the higher strain 
value can be seen.  
Additionally, the ion bombardment effects on strain condition and texture of the 
HA films described above might be accomplished by the efficient incorporation 
or absence of OH-groups in the structure of the coatings and may related to the 
role which OH-groups play in stabilizing the HA structure. The way they are 
incorporated in the coating and their distribution in the HA lattice strongly 
influence on HA features [61]. So, addition of H2O molecules into the working 
gas during RF magnetron sputtering leads to less of less-stressed state of the 
films due to overcome of the stoichiometric imbalance of the film composition. 
The latter is confirmed by the data of FTIR-spectroscopy discussed in the 
following paragraph. 
5.4 Water as a source of additional OH-group in HA structure 
Figure 5.19 shows comparative FTIR data obtained for the HA coatings 
prepared at different working gas composition. All the data revealed the 
presence of absorption bands at 1028 and 564–604 cm-1 typical for stretching 
and bending vibrations of P–O-groups in HA [62, 63]. The sharp and well-
resolved patterns in this area indicate a highly ordered structure of the HA [64]. 
The IR splitting factor (IRSF), which is a quantitative measure of the splitting 
of this absorption band, is directly proportional to the percentage of crystalline 
material [65]. Or stated differently, the splitting of the P– O antisymmetric 
bending mode at 564–604 cm-1 increases when the fraction of crystalline 
material increases [66, 67]. The IRSF was calculated as the ratio of the sum of 
intensities in the peak region to the amplitude of the “valley” between them: 
IRSF = [I (564 cm- 1) + I (604 cm-1)]/I (584 cm-1) [65]. The obtained values 
reveal the effect of the working atmosphere on the regularity of the atomic 
arrangement in the HA structure. The increased IR splitting of the P−O 
vibrational bands at 564 and 604 cm-1 observed for the HA coating deposited in 
Ar+10%H2O atmosphere (IRSF = 2.90±0.2) in comparison with the film 
deposited in Ar (IRSF = 1.70±0.2) is attributed to a more ordered HA lattice in 
the first case. 
The broad asymmetric bands in the range of 3431 to 3010 cm-1 indicate the 
presence of adsorbed water molecules on the HA crystallite surface [68, 69]. 
The absorption bands assigned to B-type CO32- vibration are observed in the 
range 1411-1450 cm-1. The presence of CO32- ions is expected and likely caused 
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by carbon dioxide absorption from atmosphere during the process of precursor 
powder and target preparation [70]. 
It is noticed that the stretching and libration mode of O–H band appeared at 
3571 and 634 cm-1, respectively [71]. They are observed for both studied 
samples, but the O–H vibration peak has high intensity for HA coating deposited 
in Ar+10%H2O atmosphere. 
 
Figure 5.19. FTIR spectra of HA coating deposited in Ar+10%H2O atmosphere (black 
line) and Ar (red line) atmosphere. Comparison of the absorption bands corresponding 
to OH-groups (b). Thickness of the studied coatings was of 420±30 nm. 
Some studies reported the absence of the O–H band in the structure of the HA 
coating obtained by different methods such as plasma spraying, magnetron 
sputtering and PLD [61]. The authors explained this effect as the thermal 
dehydroxylation and decomposition of HA. Dehydroxylated HA described by 
the chemical formula Ca10(PO4)6(OH)2−2xOxVx, where V denotes a vacancy 
(0<x<1) [72-74]. The obtained results correlate with the data published by Kim 
et al. where it was demonstrated that in OH-rich environment within PLD 
process the incorporation of OH-groups into the coatings HA occurs, 
meanwhile, the reduction of the pressure leads to decomposition of HA and 
formation of TTCP with chemical formula Ca4(PO4)2O due to OH insufficiency 
for HA growth in the coatings [58].  
So, there is strong evidence that addition of water into working atmosphere 
during RF magnetron sputter deposition of HA coating has a direct effect on 
film properties through the decrease of the deposition rate and as a consequence 
increase of Ji/Ja ratio and additional secondary effects of compensation of 
stoichiometric imbalance in HA structure through playing as a provider of OH-
groups which are essential for HA formation. 
5.5 Morphological and structural features of the HA coating 
SEM shows that the surface of the coatings deposited on a silicon substrate are 
uniform, without apparent defects (cracks, gas bubbles, and others) 
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(Figure 5.20). It is possible to define three types of morphologies of the HA 
films in accordance with the observed textures.  
For the HA coatings with mixed texture and films with preferential orientation 
of (002) planes, the top view exhibits mounds-like morphology (Figure 5.20 a 
and 5.20 b). Although the average mound diameter between non-textured 
(100±40 nm) and texture thin films (120±40 nm) is not significantly different, a 
difference in the distribution of mounds of various sizes is noticed. In the case 
of films textured in the (002) direction all mounds have a similar diameter, while 
for the non-texture films, both small and large features are noticed. Coatings 
textured in the direction of the plane (300) have smooth surface (Figure 5.20 c). 
The surface morphology of coatings is connected to their growth mechanisms. 
In this way, the transition from the mixed texture to the (002) preferential 
orientation is accompanied by a decrease in the dispersion of the mound sizes 
which is a consequence of selective growth [75]. Exposing the samples under 
the target erosion zone during sputter deposition of the HA coatings in an 
Ar+10%H2O atmosphere leads to a change of film growth mechanism as well 
as to ion etching of the surface, as the result of which, surface smoothing is 
observed. Of course, this conclusion must be taken with some care as alternative 
mechanisms could perhaps also explain these trends. 
 
Figure 5.20. SEM images of the surface of the HA coatings characterized by mixed 
texture (a), and preferential (002) (b) and (300) (c) orientations. The grain size 
distributions are inserted into the top view images. 
The cross-section SEM reveals a columnar growth structure of all studied 
coatings, which is the typical morphology of films deposited by means of 
magnetron sputtering (Figure 5.21). The width of the columns in the coatings 
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grown with (002) and (300) preferential orientation according XRD data was 
measured to be 110±10 nm and 40±10 nm, respectively. The physical reason for 
the phenomenon of this structure is explained by the authors of the 
study [76, 77] as a shadowing effect which can occur if adatoms impinge on the 
substrate under an angle which deviates from the substrate normal. 
 
Figure 5.21. Cross-section SEM images of the textured (002) HA coating deposited in Ar 
atmosphere (a) and (300) oriented HA coating formed in Ar+10%H2O atmosphere. 
Coatings with (002) fiber texture (Figure 5.21 a) are characterized by larger 
lateral size of columns in comparison with the (300) textured coatings 
(Figure 5.21 b). Moreover, the SEM cross-section of the coating obtained in the 
experiment with sputtering in an Ar atmosphere reveals a transition layer at the 
film/substrate interface (indicated by arrows on Figure 5.21 a).  
The HA coatings deposited under the target erosion zone in an Ar+10%H2O 
atmosphere are characterized by a clearly defined interphase boundary. The 
absence of a transitional layer in this case is explained by the fact that, upon the 
energy interaction of bombarding ions in this zone, conditions arise here in 
which the energy of adatoms is enough to diffuse on the surface of the substrate 
and to form ordered structures at the initial stage of film nucleation.  
It should be noted, that research on the film cross-section structure using SEM 
provides topographical information, and so the character of the columnar 
structure may depend on a fracture of the studied sample. TEM gives more 
accurate and reliable information about the cross-sectional microstructure of the 
films. 
5.6 Microstructure of the textured coatings 
The results of TEM investigation on the microstructure of the HA coatings are 
presented in Figures 5.22 – 5.26. Cross-section TEM specimens have been 
prepared using mechanical grinding followed by ion milling, as it is described 
in Chapter 2. 
Deposition in Ar+10%H2O 
Figure 5.22 depicts the microstructure of the cross-section of the HA coating, 
deposited in an Ar+10%H2O atmosphere for a sample located at the centre of 
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the substrate holder. According to the XRD data this coating possesses the 
preferential (002) orientation. 
 
Figure 5.22. Bright-field (a,c) and dark-field (b,d) TEM images of the cross-section of 
the HA coating deposited in Ar+10%H2O atmosphere in the centre of the substrate 
holder. The SADPs are inserted in the upper right left corner in (c). 
The contrast of bright-field and corresponding dark-field micrographs confirm 
directional growth mechanism of the film. The wedge-shaped (V-shaped) 
columnar grains extending through the entire coating thickness (280±30 nm) is 
easily discernible, and the direction of the wedge is oriented perpendicular to 
the substrate surface. The lateral dimension (in directions perpendicular to the 
coating growth direction) of crystals near film/substrate interface was estimated 
to be 30 – 60 nm, whereas at the free coating surface, the columnar width is in 
the range of 70 – 110 nm. The change of the dimensions of the crystals 
throughout the coating thickness indicates the competitive growth mechanism. 
Cross-sectional bright-field and the dark-field images reveal the presence of a 
heterogeneous contrast, which is due to varying rotation angle with respect to 
neighbouring columnar grains. Extinction contours are visible along all V-
shaped crystals. Extinction contours, as the characteristic curvature of the 
atomic planes of the coating material, are an evidence of the stressed state of the 
film. The corresponding selected-area electron diffraction patterns (SADPs) are 
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shown in the insets of Figure 5.22c. A selected area aperture diameter 
approximately 100 nm was used. The SADPs show reflexes in the form of 
discrete spots, which depict the reflections of an atomically ordered phase.  
The identification of the SADPs showed that experimentally determined 
interplanar distances correspond to the atomic planes type of (102), (210), (112), 
(002) and (312) related to hexagonal lattice of HA in accordance with ICDD 
data base ( card no 09-432). The results of the identification of the SADPs are 
listed in Table 5.4. Figure 5.22d depicts the dark-field image of a crystal 
visualized in the (102) reflex of SADPs (Figure 5.22 c). The width of the crystal 
was calculated to be approximately 40 nm. A high degree of disorientation of 
the planes causes a difference of contrasts within the single crystal. 
With the results of the TEM it was possible to reveal other details of the HA 
coating microstructure. Thus, the presence of a transition interface layer on the 
boundary between the coating and the substrate is recognized on the bright-field 
and the dark-field TEM images (indicated by arrows on Figures 5.22 a, b, c). 
The layer possesses very fine nanostructured nature with a size of structural 
elements less than 3 nm and a thickness of 5 to 20 nm. 
 
 
Figure 5.23. Bright-field (a,c) and dark-field (b,d) TEM images of the cross-section of 
the HA coating deposited in Ar+10%H2O atmosphere in under the target erosion zone. 
The SADPs are inserted in the corner of (a) and (c). 
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Figure 5.23 presents TEM images and corresponding SADPs of the HA coating 
with a thickness of 200 ± 30 nm, which was deposited in the Ar+10%H2O 
atmosphere on a titanium substrate under the target erosion zone. In the bright-
field image of the HA coating cross-section the uniform columnar structure is 
easily discernible. Columnar crystals spread throughout the coating’s thickness 
and oriented perpendicular to the substrate plane (see Figure 5.23). The width 
of the columns determined from the dark-field TEM images is 30±10 nm. A 
clearly defined transition layer on the film/substrate boundary with a thickness 
of 15±5 nm is revealed.  
The SADPs from this area have a quasi-ring appearance. As follows from the 
SADPs analysis, HA reflexes of types of (001), (002), (211), (210), (200), (300) 
present. The results of the SADPs identification are given in Table 5.4. The 
parameters of the crystalline lattices calculated by using determined interplanar 
distances are a=0.9481 nm and c=0.6909 nm, which exceeds the values 
corresponding to HA from the ICDD database (a=0.944 nm, c=0.688 nm). 
During the study of the phase composition of these coatings with XRD the 
values a=0.9405 nm and c=0.6885 nm were defined. The deviation of the 
calculated values of the lattice parameters from the bulk values is caused by the 
local non-uniformity of the chemical composition of the deposited coatings. The 
dark-field image contains a series of columnar grains arranged close to each 
other (Figure 5.23 b, d). Furthermore, a Moiré pattern, alternating light and dark 
bands, is observed, which appears due to overlapping of a few neighbouring 
crystals with slightly different lattice parameters and/or which have a small 
disorientation relative to each other. 
Deposition in Ar 
The TEM image and corresponding SADPs of the HA film, deposited in the 
experiment with sputtering in an Ar atmosphere with the location of the sample 
in the centre of the substrate holder, are presented in Figures 5.24 – 5.25. 
 
Figure 5.24. Bright-field (a) and dark-field (b) TEM images of the cross-section of the 
HA coating deposited in Ar atmosphere in the center of the substrate holder. 
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The morphology of revealed structural elements changes with the thickness of 
the coating. Crystalline grains with a thread-like appearance growing 
throughout the entire coating thickness (700±30 nm) consist of the cross-section 
microstructure. The width of the columns varies in the range of 20 – 250 nm. 
Packing defects, bent to the image plane, cause the phenomenon of extinction 
contours. It was evaluated that the columnar width of the studied cross-sectional 
microstructure varies in a wide range which correlates with the morphology 
obtained by SEM (Figure 5.20 a). 
 
Figure 5.25. (a) Bright-field TEM image of the cross-section of the HA coating deposited 
in an Ar atmosphere with the location of the sample in the centre of the substrate holder; 
(b) SADPs obtained from the selected areas of the coating throughout its thickness: 1 – 
in a SAD diaphragm with a diameter of 700 nm; 2 – on a free surface of the film; 3 – 
near the film/substrate interface; 4 – from transition layer in the film/substrate 
interphase border. 
The SADPs obtained from several selected areas within coating thickness are 
shown in Figure 5.25 b. The SADPs recorded from the entire coating thickness 
(5.25 b-1) by using a circular aperture with a diameter of approximately 700 nm 
has a quasi-ring appearance, which indicates the presence of differently oriented 
nanostructured grains in the film. Observed diffraction reflexes correspond to 
interplanar distances which are typical for atomic planes of (102), (002), (202), 
(211), (310), (213) of HA. The SADPs obtained from the upper region and lower 
region (film/substrate interface) of the film microstructure indicate the crystal 
evolutionary growth mechanism (Figure 5.25 b-2 and b-3). The film 
morphology exhibits small columnar grains near the film/substrate interface 
overgrown to a larger columnar grains with increasing growth film thickness 
forming V-shaped structure. The evolution of the crystals with the thickness of 
the layer (gradient structure formation) is conditioned by the presence of the 
evolutionary grain selection mechanism in the processes of crystal growth. At 
the interphase between the film and the substrate, a strong diffused diffraction 
ring in the SADPs is indicative of amorphous/nanocrystal structure formed in 
this area (Figure 5.25 b-4). The thickness of the transition interface layer in this 
case is of 130±50 nm. In this way, the HA coatings deposited in the center of 
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the substrate holder in the experiment with sputtering in an Ar atmosphere 
demonstrate the heterogeneous microstructure throughout the coating thickness. 
Figure 5.26 shows cross-sectional TEM images of the coating with thickness of 
430±10 nm, deposited in an Ar atmosphere under the target erosion zone. 
 
 
Figure 5.26. Bright-field (a) and dark-field (b) TEM images of the cross-section of the 
HA coating deposited in Ar atmosphere under the target erosion zone; (c) SADPs 
obtained at the interphase (1) and on the free film surface (2). 
The given coating exhibits the preferential (002) orientation according to the 
XRD results. The TEM revealed a microstructure similar to the microstructure 
of the coating which was deposited in an Ar+10%H2O atmosphere in the center 
of the substrate holder. A wedge-shaped columnar structure of grains with 
directional growth is seen in the bright- and dark-field images (Figure 5.26 a,b). 
The width of the columns grains at the film/substrate interphase boundary is of 
30 – 50 nm, and on the free coating surface columnar width lies in the range of 
50 – 130 nm. Textured aggregates consist of small disorientations, which is 
visualized in the contrast inside separated individual grains. The SADPs from 
the film/substrate interphase (Figure 5.26 c-1) and in proximity to the free film 
surface (Figure 5.26 c-2) indicates evolutionary crystal growth. HA reflexes of 
the types of (100), (111), (211), (210), (213), (311) present in the SADPs (Figure 
5.26 c-1). With an increase of the coating thickness, the quasi-ring SADPs 
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transform into a discrete spots. The SADPs identification results are given in 
Table 5.4. 
Table 5.4 – Interplanar distances in HA: calculated dth (ICDD card no 09-432) 
and measured distances from SADPs presented on Figures 5.22 c, 5.23 а, 5.25 
b–1 и 5.26 c–1. 
dmeas, nm dth, nm Intensity hkl 
Texture (002) according to XRD, Ar+10%H2O atmosphere 
0.314 0.317 12 102 
0.344 0.344 40 002 
0.279 0.278 60 112 
0.307 0.308 18 210 
0.190 0.189 16 312 
Texture (300) according to XRD, Ar+10%H2O atmosphere 
0.344 0.344 40 002 
0.687 0.688 8 001 
0.821 0.817 12 100 
0.272 0.272 60 300 
0.305 0.308 18 210 
Texture (002)+(112) according to XRD, Ar atmosphere 
0.344 0.344 40 002 
0.319 0.317 12 102 
0.281 0.281 100 211 
0.261 0.263 25 202 
0.225 0.226 20 310 
0.215 0.215 10 311 
Texture (002) according to XRD, Ar atmosphere 
0.800 0.817 12 100 
0.387 0.388 10 111 
0.281 0.281 100 211 
0.307 0.308 18 210 
0.270 0.272 60 300 
0.251 0.253 6 301 
0.215 0.215 10 311 
0.184 0.184 40 213 
Based on the given TEM results the following microstructural features of the 
RF magnetron sputter deposited HA coatings can be summarized. Cross-
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sectional TEM images of all studied samples showed a dense and uniform 
textured structure composed of columnar crystals oriented perpendicularly to 
the substrate surface. The appearance of the HA coating microstructure depends 
on the composition of the working gas and on the arrangement of the samples 
relative to the target erosion zone during RF magnetron sputtering. All studied 
coatings exhibit the presence of HA in the coatings’ composition. The applied 
process conditions have an impact on the stoichiometry of the films and, 
accordingly, on the parameters of the HA crystalline lattice. Coatings obtained 
in the experiments in Ar and Ar+10%H2O atmospheres possessing the (002) 
preferential orientation according XRD are characterized by the wedge-shaped 
columnar structures with an increase in the width of the columns throughout the 
coating thickness. The cross-section microstructure of the HA coating deposited 
in an Ar+10%H2O atmosphere under the target erosion zone with preferential 
orientation of (300) planes consists of columns with uniform width oriented 
perpendicular to the substrate surface and grow throughout the whole thickness 
of the deposited layer. The HA films deposited in an Ar atmosphere with the 
arrangement of the sample in the center of the substrate holder are characterized 
by the mixed (002)+(112) texture. Columns with a wide range of the width in 
the cross-sectional microstructure are revealed for this coating. For each 
observed HA coatings’ microstructures the TEM images reveal straight and 
curved crystal boundaries which correspond to the twin and arbitrary 
orientations of the neighboring grains. The presence of the extinction contours 
within columnar grains demonstrates the highly stressed state of the films. The 
complex chemical composition of HA and low mobility of condensed atoms at 
the initial moment of the coating growth lead to the formation of amorphous 
and/or nanocrystalline structures in the film/substrate interface. For the coatings 
deposited in an Ar+10%H2O atmosphere, the thickness of the interface 
transition layer is less than in the case of the coatings deposited in an Ar 
atmosphere. This fact indicates that in the first case growth conditions are 
realized in which nucleation of the crystalline phase occurs at earlier stages. 
Taking into account the given TEM results it is possible to conclude that the 
effect of plasma in RF magnetron sputtering manifests itself in an initiation of 
change in microstructure and texture of the HA coatings. 
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6 Relationship between 
deposition conditions 
and microstructure/ 
7 texture  6 
 
In this chapter, the microstructure and texture formation mechanisms of HA 
coatings obtained by RF magnetron sputter deposition are discussed based on 
the confrontation between the experimental results and the extended structure 
zone model (ESZM) [1]. This structure zone model gives a schematic overview 
of the texture and microstructure of thin films as a function of the mobility of 
the atoms (see § 1.7, Figure 1.11). The mobility is defined by diffusion and 
restructuring processes on the timescale of the thin film growth. According to 
this model, the main parameter is the diffusion length which depends on the 
ratio between diffusion rate D and the deposition flux F. The diffusion rate is 
defined by the available energy per atom arriving to the substrate, or EPA. On 
its turn, the EPA is determined by the ratio between the energy flux (expressed 
in J∙m-2∙s-1) and the atomic flux (expressed in at∙m-2∙s-1). The correlations 
described in the Chapter 5 confirm that the ion to atom ratio plays a significant 
role in the HA coating formation. The main conclusion is that the HA film 
texture formation strongly depends on the ratio between the ion and the atom 
flux. In this way it seems that the texture is not only driven by the EPA but also 
by the ion momentum transfer. The suggested representation makes it possible 
to forecast the transition of the texture and microstructure of HA films 
depending on the working gas composition and spatial arrangement of the 
samples on the substrate holder. 
6.1 HA coating structure in terms of ESZM 
Based on the results presented in the Chapter 5, three types of 
microstructure/texture of the HA coating can be distinguished which depend on 
the working gas composition and the spatial arrangement of samples relative to 
the target erosion zone. The first type, which we will define as a microstructure 
A, is characterized by columnar structure with the mixed (002)+(112) texture. 
The surface morphology is mainly formed by a mound-like structure with a high 
size dispersion. The second type microstructure, B, contains columnar grains 
growing throughout the entire film thickness exhibiting an evolutionary 
overgrowth. V-shaped columns with a (002) orientation extended along the c 
axis parallel to the growth direction were observed. The coating surface is 
formed by rounded equiaxial mounds. The third type microstructure, C, contains 
straight columns throughout the whole film and possesses a smooth surface 
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morphology. The film shows a (300) fiber texture. The crystallites grow from 
the coating-substrate interphase to the film surface. The distinctive 
microstructural features of the studied coatings are summarized in Table 6.1. 
An analysis of the literature has shown that the described microstructures are 
characteristic for thin films obtained by plasma-assisted deposition [1-4]. It 
should be noted, however, that for HA coatings the given regularities, namely 
the change of the texture and microstructure depending on the deposition 
conditions, are observed and studied for the first time in this work. It is more 
common to observe HA coatings with a clear [001] fiber texture and a columnar 
structure, or to observe non-textured crystalline thin films. Also quite often 
amorphous coatings are reported [5-7]. 
Table 6.1. Distinctive microstructural features of the RF magnetron sputter 
deposited HA coatings. 
Microstructure А Microstructure B Microstructure C 
Columnar structure 
 
Mixed texture 
(002)+(112) 
Thread-like formed 
grains  
 
 
Mounds-shaped 
morphology 
Columnar structure 
 
Texture (002) 
 
V-shaped textured 
grains 
 
 
Mounds-shaped 
morphology 
Columnar structure 
 
Texture (300) 
 
Uniform columnar 
grains throughout 
entire coating thickness 
 
Smooth surface 
From the literature review on the thin film growth it can be concluded that 
ESZM can explain the diversity of the coating microstructures deposited by 
magnetron sputtering [1, 8, 9]. According to the ESZM the evolution of film 
structure is determined by the adatom mobility [1]. The latter defines the 
diffusion length of the adparticle, the nucleation process, crystal growth and 
recrystallization of grains during the film growth. The adatom mobility is 
governed by the energy, which is available per arriving atom (EPA). So, this 
model extends the Thornton’s model by converting the homologous temperature 
of the substrate and kinetic energy of condensing particles into EPA, and allows 
to have more complex approach to the characterization of the magnetron sputter 
deposited film structure. 
The energy applied to the substrate (and growing film) is the result of 
contribution of several species [10]: 
𝑃𝑡𝑜𝑡 =  𝑃𝑖𝑜𝑛 + 𝑃𝑒𝑙 + 𝑃𝑝𝑙 + 𝑃𝑡 + 𝑃𝑔𝑎𝑠 + 𝑃𝑟𝑒𝑓𝑙 + 𝑃𝑠𝑝 + 𝑃𝑐𝑜𝑛𝑑 , (6.1) 
where Pion – energy of the ion flux; Pel – electron energy flux; Ppl –the energy 
flux related to plasma radiations; Pt – the energy flux due to thermal radiations 
from heated bodies in the chamber; Pgas – the energy impact of the working gas 
atoms; Prefl – the energy flux due to reflected from the target high energy ions; 
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Psp – the kinetic energy of the sputtered atoms; Pcond – energy released during 
condensation of atoms.  
The thermal power or energy flux towards the substrate related to the particle 
flux (EPA,<ɛ>, eV/at) which reaches the condensation surface can be calculated 
as  
< ɛ > = 𝑃𝑡𝑜𝑡/𝐹,  (6.2) 
where F – the flux of the atoms reaching the substrate [cm-2s-1]. 
As it is represented in Figure 2.4 (see § 2.1) there is no remarkable difference in 
the final substrate temperature achieved during deposition in pure Ar or in an 
Ar+10%H2O atmosphere. This observation indicates that the total energy flux 
towards the growing film must be very similar. The deposition rate, shown as a 
function of the radial position on the substrate (see Figure 5.1), let us conclude 
that the particle flux arriving the substrate is less in the Ar+10%H2O-experiment 
as compared to the Ar experiment. Or stated differently, the available energy 
per arriving atom should be higher for the deposition in the water containing 
atmosphere.  
Indeed, the HA coating microstructure showed a transition from three zones 
according ESZM: Ic, T, II (see Figure 1.11). However, the texture related to 
each microstructure is not in agreement with the expectation.  
In accordance with the work of Astala et al., Leeuw et al. and Filgueiras et al. 
the positively charged calcium-rich (001) surface has the lowest surface energy 
and the negatively charged hydroxyl- and phosphate-rich (300) surface has the 
highest surface energy in HA structure [11-14]. So, the (002) plane is the most 
thermodynamically favorable one. The latter means that at the higher EPA or 
under zone II conditions preferential (002) orientation should be observed in the 
HA film. In our experiments the opposite is clear noticed. The coating with Zone 
II microstructure possesses the (300) texture. So, the available energy per 
arriving atom concept seems not to hold in this case and another driving force 
should be a cause for the texture transition.  
In Chapter 5 it is proved that the coating deposition was accompanied with the 
ion bombardment influencing the HA coating deposition rate and Ca/P ratio, 
means that in our case the energy, which is available per arriving atom is 
provided mostly by ions. Moreover, in this case one should realize that the 
negative oxygen ion bombardment not only bring a certain amount of energy to 
the surface of growing film but also transfer momentum to the adatoms through 
collision. So, we propose that the momentum transferred to the film during 
deposition is the main factor governing the structural properties of the film under 
the intensive ion bombardment. 
The momentum transfer per arriving atom (MPA), i.e. parameter P, can be 
obtained by the formula (6.3) 
𝑃 =
𝑛𝑖
𝑛𝑎
√2𝑚𝛾𝐸,   (6.3) 
were ni and na are the ion and atom numbers, respectively, determined by 
measuring the growth rate and the ion current density at the substrate. m and E 
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are the mass and energy of ions, γ is the energy transfer factor. So, the 
momentum transfer can be accepted to be proportional to the Ji/Ja ratio [15].  
Y. Kajikawa published a review [4] where the author summarized a large 
amount of experimental results on the impact of technological parameters of 
sputter deposition on the formation and transition of the preferential orientation 
of ZnO films. Substrate bias voltage, target-substrate distance, the relative ion 
to atom ratio (Ji/Ja), partial oxygen pressure, gas composition, and substrate 
temperature are noted to determine the film features. The authors of the work 
[16] observed a change of the preferential orientation of the ZnO films related 
to the substrate bias voltage. It has been observed that increasing the distance 
between the target and substrate, the orientation of ZnO film tends to change 
from (100) to random orientation. The difference in the texture of ZnO coating 
was studied depending on the position of the treated samples in relation to the 
target erosion zone. The Ji/Ja  ratio is suggested in this paper to affect the texture 
transition from (002) to (110). A similar conclusion is reached by the authors of 
studies [16, 17]. It is interesting to note that the ZnO films with a hexagonal 
wurtzite structure show microstructural features similar to the HA coatings 
obtained in this study. 
Based on the correlations of Ji/Ja given in Chapter 5 (Figure 5.12 b), the 
regularities of the HA coating structure formation are proposed, which make it 
possible to distinguish three zones corresponding to the observed structural 
features of the HA films (Figure 6.2). In accordance with the relationship 
provided, the HA coatings with the microstructure A were grown at the 
relatively low Ji/Ja. The HA films obtained at maximum growth rate in the Ar-
experiment belong to this type of microstructure. Drawing an analogy with the 
ESZM, the described microstructure corresponds to zone Ic. In condition when 
the EPA is relatively low, the adatom diffusion length is limited and the 
individual growth of variously oriented grains is occurred. As a result, the 
coating with a columnar structure and the morphological features of high size 
dispersion grows. In this case the rather random orientation of the film occurs 
because the nucleation process happens randomly.  
The higher the ion to atom ratio is, the higher amount of EPA arrives the 
substrate resulted the adatom mobility enhancement, which allows neighboring 
islands to interact. We assume that due to the coating depositions were 
performed on an initially cold substrate in the initial stages of the film growth, 
despite of the ion bombardment, the adatom mobility was still low. With the 
deposition time the surface temperature increases due to the low thermal 
conductivity of the HA leading to the enhancement of the adparticle diffusion. 
The latter causes the preferred out-of-plane alignments. The grains with the 
thermodynamically favored low energy (002) planes aligning parallel to the 
substrate surface overgrow other grains and V-shaped structural features are 
formed. The film thickness increase leads to the texture enhancement. The 
results of the current research show that independent of the working 
gas composition, the films, which grow with the Ji/Ja ratio lying in the rage of 
0.75–1.65, possess microstructure B corresponding to zone T in ESZM. 
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Further increasing the Ji/Ja leads to the formation of (300) textured HA thin 
films with the structure containing straight columnar grains throughout the 
entire coating thickness. The enhancement of the adatom mobility cannot 
explain this observation because of the (300) surface is less stable then (002) 
one. Concerning the latter it is concluded that deposition of the coating in the 
conditions of bombardment by high-energy negative ions, happening above the 
racetrack, affects the process of nucleation of the condensed layer and leads to 
a change in orientation of the nucleus, which in turn changes the texture of the 
coating growth. Ions bombarding the surface of condensation with high energy 
in the order of 100 – 150 eV bring the momentum and displace atoms from the 
formed crystal structure at the nucleation stage [10], the nucleus become 
oriented in the direction of the plane most resistant to destruction. 
When the Ji/Ja ratio overcomes a particular value the anisotropy in damage 
tolerance of HA planes takes place. Most likely, in the conditions of ion 
bombardment, HA grains orient themselves in the direction of the planes with 
the densest arrangement of atoms that leads to redistribution and dissipation of 
momentum and energy in a cascade of interatomic collisions. 
Based on the data from the paper of Kay et al. containing the results on the ion 
positions in the HA lattice the structure of HA was generated applying the 
CrystalMaker software [18]. The negative oxygen ions bombard the structure 
along a given direction [uvw]. So, further a projection along the incoming 
direction was made. According to the J.E. Mahan and A. Vantomme [19] and 
the paper of Ressler et al. [20] the nuclear stopping radii, rnuc, surrounding the 
target atom were calculated using 
 
𝑟𝑛𝑢𝑐 =  [
𝑆𝑛(ɛ)
𝜋𝐸
]
1/2
 , (6.4) 
 
where E is the energy of the projectile ions, Sn(ɛ) is the nuclear energy loss cross 
section corresponding to the average transferred energy for a particular 
projectile-target atom pair, which is expressed by  
𝑆𝑛(ɛ) =  
4𝜋𝑎1𝑍1𝑍2𝑞
2𝑀1
(𝑀1+𝑀2)
∙
ln (1+𝜀)
2(𝑒+0.14𝜀0.42)
eV ∙ (atom ∙ cm−2)−1, (6.5) 
 
where M1 and M2 are the masses of the projectile and target atoms, respectively, 
Z1 and Z2 are the respective atomic numbers of the projectile and atoms, q is the 
electronic charge, which comes from representing interparticle potential energy 
(q1q2/r). ɛ is the reduced energy of projectile calculated from  
ɛ =  [𝑎1𝑀1/𝑍1𝑍2𝑞
2(𝑀1 + 𝑀2)]𝐸 ,  (6.6) 
where a1 is the Thomas-Fermi screening length of projectile, 𝑎1 =
0.8853𝑎0/(𝑍1
2 3⁄ + 𝑍2
2 3⁄ )1 2⁄ . a0 is the Bohr radius, 0.529 Å. 
For 100 eV negative oxygen ions the cross sections were calculated to be quite 
similar for Ca, P and O, and correspond to a radius of approximately 0.7 Å. In 
Figure 6.2 the HA crystal structure is shown along the [001] and [100] 
directions.  
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Figure 6.1. Regularities of the HA coating structure formation deposited by means of RF magnetron sputtering. Top relation is for the case of sputter 
deposition in the Ar+10%H2O atmosphere, bottom relation is for the experiment carried out in the Ar atmosphere.
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Figure 6.2. The HA crystallographic planes representing using nuclear stopping cross 
section radii. 
These images were converted in black and white. This allows to calculate the 
projected atom density based on the following procedure (see table 6.2). First 
the total area of the black and white projections, expressed in pixels is 
calculated. As the area of the projected unit cell (real area) is known, it is 
possible to calculate the area filled with atoms. The number of atoms in the 
projected unit cell can be determined by the ratio between the area filled with 
atoms and the projected area of one atom. As both the number of atoms, and the 
area of the projected unit cell are known, the projected areal density can be 
calculated. 
 
Figure 6.3. The HA crystallographic planes treated in black and white in ImageJ 
program. 
Table 6.2. Data of the surface density calculation. 
 [001] [100] 
Total area (in pixels) 66157 48039 
White pixels 32285 14583 
Black pixels 33872 33456 
Fraction filled with black 
pixels 
0.512 0.696 
Real area (in Å2) 77.10 64.90 
Projected area of one atom (in 
Å2) 
1.539 1.539 
Fraction real area filled by 
atoms (in Å2) 
39.475 45.199 
Number of atoms with the real 
area 
25.65 29.37 
Number of atoms per Å2 0.333 0.453 
Projected areal density (at/cm2) 3.33×1015 4.53×1015 
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So the projected areal density for the [100] direction is approximately 1.4 times 
larger than for the [001] direction. This means that the energy/momentum in the 
former case is distributed over a larger number of atoms, and hence it is more 
stable against ion bombardment. The proposed reasoning explains formation of 
the HA coatings with the (300) texture with location of the samples above the 
target erosion zone in the Ar+10%H2O.  
To summarize, the texture and microstructure of the HA films deposited by RF-
magnetron sputtering exhibit a dependence from the ion to atom ration arriving 
the substrate. In addition, the presence of negative ion bombardment overlap the 
energy per arriving atom effect. The momentum transfer to the growing layer is 
the main parameter governing the film properties in the conditions of energetic 
ion bombardment. 
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Main results  
 
1. The textured polycrystalline films were deposited by means of the RF 
magnetron sputtering of the ceramic target at low substrate 
temperature (to 300°C). The density of the obtained films were measured to be 
of 3.15 – 3.33 g/cm3 corresponding to the density of the bulk HA. 
2. Modelling the deposition profile by employing the SIMTRA code with 
parameters of the applied vacuum system geometry and the deposition 
conditions and comparing obtained data with the experimental results allow to 
establish the coating re-sputtering effect induced by higher energetic ion 
bombardment resulted in compositional and structural coating changes. 
3. Preferential sputtering of P is established to occur during ion 
bombardment of the growing film that explains observed variation of Ca/P ratio 
in the coatings alone the substrate holder. The Ca/P ratio is shown to vary as a 
function of the sample position on the substrate holder and has a maximum value 
for the samples treated above the target erosion zone. 
4. All the deposited coatings exhibit the columnar structure. The complex 
chemical composition of HA and low mobility of condensing atoms in the initial 
moment of the coatings’ growth on the cold substrate leads to the formation of 
amorphous and/or nanocrystalline structure in the coating-substrate interface 
which was evaluated by TEM cross-section study. For the coatings, deposited 
in the Ar+10%H2O atmosphere the thickness of the transition layer is less than 
in the case of the coatings deposited in the Ar atmosphere, which indicates that 
in the first case crystalline phase nucleation occurs at earlier stages. 
5. The addition of H2O molecules into working gas atmosphere during RF 
magnetron sputter deposition of the HA films allows to compensate the 
stoichiometric imbalance in HA structure which manifests itself in enhancement 
of the OH-groups content in the structure of the films. Furthermore, the presence 
of H2O contributes to decrease of the internal stress in the films due to the higher 
Ji/Ja ratio to be estimated, which is accompanied by a more equilibrium 
processes of condensation of HA coatings. So, the addition of H2O into the 
working gas indirectly to improve HA crystal habits in the coating. 
6. The results attested that the arrangement of the samples regarding the 
target erosion zone plays an important role in the HA coating formation. It was 
shown that varying the deposition conditions enables us to modify the thin film 
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morphology and texture. Based on XRD data, TEM images and correlating the 
results with the extended structural zone model, it was identified that the HA 
coatings grow in three different structural zones depending on the working gas 
composition and samples arrangement. The microstructure of the HA coatings 
deposited in the center of the substrate holder in the Ar atmosphere grow in zone 
Ic condition and is characterized by a mixed texture of (002) + (112). During 
sputter deposition of the coating above the target erosion zone, films grow in 
zone T condition with V-shape column with out-of-plane (002) preferential 
orientation. A similar structure appears to be developed in the coating deposited 
in the water-containing atmosphere in the center of the substrate holder. In the 
conditions of the Ar+10%H2O experiment ion bombardment of the growing 
film deposited under the racetrack leads to film orientation transition from 
preferential (002) to (300). For the coatings deposited in the conditions of the 
latter case, zone II structure consisting of straight columns is observed. 
7. The revealed coating features are explained by the magnitude of the ion 
to atom ratio. Under the negative ion bombardment the texture of the HA coating 
develops due to momentum transfer to the growing film and anisotropy of the 
ion-induced damage of HA crystal surfaces. This understanding allow to 
analyze the influence of the Ji/Ja ratio in the particular process conditions on the 
texture and microstructure of the HA coating on the basis of unified principles. 
8. The sputtering of the nanostructured Ag-containing HA target allowed 
to deposit crystalline Ag-HA coating with the mound-like morphology and 
columnar cross-section structure. Addition of silver to HA film caused increase 
of the coating nanohardness and elastic modulus compared with those of pure 
HA thin films deposited under the same deposition conditions. 
9. The results of the study revealed a new design for antibacterial 
biocomposites, which uses a homogeneous layer of negatively charged AgNPs 
under a dense nanocrystalline layer of HA. Reported approach we suppose to 
allow a flexible control over the rate of silver ions release by adjusting HA 
coating structure and thickness.
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